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THE USE OF ASCORBIC ACID TO MEASURE THE RATE OF 
FLOW OF PLASMA THROUGH THE CILIARY PROCESSES 


J. Physiol. (1955) 130, 1-8 4A 330 


By MAURICE E. LANGHAM 


From the Ophthalmological Research Unit (Medical Research Council), 
Institute of Ophthalmology, London, W.C. 1 


(Received 10 December 1954) 


It is well known that the concentration of ascorbic acid in the aqueous 
humour of man and many animals exceeds that in the plasma. The origin of 
this excess has been attributed to various causes (see Bellows, 1944; Linnér, 
1952) but only two justify consideration, namely, an active transfer of ascorbic 
acid from the blood stream into the eye and a synthesis of ascorbic acid 
within the eye. In rabbits the secretion of ascorbic acid into the aqueous 
humour reaches a maximum at a plasma concentration of 2-3 mg/100 ml. and 
gives @ mean concentration of 50-70 mg/100 ml. in the aqueous humour 
(Kinsey, 1947; Langham, 1950; Linnér, 1952; Barany & Langham, 1955). In 
guinea-pigs the ascorbic acid in the aqueous humour is derived entirely from 
the blood, but in rabbits the possibility still remains that a concentration of 
10-14 mg/100 ml. is due to synthesis within the eye (Barany & Langham, 
1955). 

The effect of a change in blood flow through the uveal circulation on the 
concentration of ascorbic acid in the aqueous humour of the rabbit has been 
studied by Linnér (1952). He observed that ligation of one common carotid 
artery led to a decrease in the concentration of ascorbic acid in the aqueous 
humour on the same side which was equivalent to the percentage decrease in 
the flow of blood through the uveal tract. On raising the concentration of 
ascorbic acid in the plasma (mean value 13 mg/100 ml.) the concentration in 
the aqueous humours of the two eyes became equal. It was concluded that — 
when the amount of ascorbic acid transferred across the blood-aqueous 
barrier was not maximal, the concentration of ascorbic acid in the aqueous 
humour was determined by the amount reaching the site of transfer. Linnér 
therefore proposed the use of ascorbic acid to estimate the rate of flow of 
plasma through the ciliary processes in a manner analogous to the use of 
p-aminohippuric acid in studies of renal function. 
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The work reported in this paper is confined to rabbits with a unilateral 
ligation of the common carotid artery. It has been undertaken to investigate if 
any of the ascorbic acid in the aqueous humour is formed within the eye, and 
whether the relation between the concentrations of ascorbic acid in the plasma 
and the aqueous humour of operated animals supports the concept of Linnér. 


METHODS 


Experimental procedure. Adult rabbits of both sexes weighing between 1-8 and 2-5 kg were used. 
They were fed diet 18 pellets (Associated London Flour Millers), water ad lib. and hay once a week. 
Unilateral ligation of the common carotid artery was performed on animals anaesthetized with 
intravenous Nembutal (pentobarbitone sodium B.P.). Samples of aqueous humour from the 
conscious animal were taken 20-30 hr after the operation, following the instillation of a 1% 
solution of pantocaine into the conjunctival sac. In some experiments the aqueous humour was 
removed immediately after the administration of a general anaesthetic. All samples of aqueous 
humour were tested for the presence of protein by the addition of an equal volume of a solution of 
8% trichloroacetic acid and results were rejected if more than the normal faint clouding was 
observed. 

The ascorbic acid for injections was dissolved in water, partially neutralized with a solution of 
sodium hydroxide to pH of 6-5-7-2 and made up to an isotonic concentration. Raised concentra- 
tions of ascorbic acid in the plasma were maintained by an initial intravenous injection followed 
by hourly intramuscular injections for 6 hr. A period of 6 hr is sufficient to allow a steady state 
to be reached in the aqueous humour to within a few per cent. 

Analytical, Ascorbic acid in the aqueous humour was determined by a modification of the 
osazone technique of Roe, Mills, Oesterling & Damron (1948). The concentration of ascorbic acid 
in the plasma was analysed by a modification of the electrometric titration procedure of Mindlin & 
Butler (1938) in which a solution of 2:6-dichlorophenol-indophenol is used as oxidant. The 
analytical procedures followed those described in a previous paper (Bérany & Langham, 1955). 


RESULTS 


‘The concentrationsof ascorbic acid (AA) in the aqueous humour of the two eyes 
of a normal rabbit are equal. In twenty-six adult rabbits the mean ratio of the 
concentrations of AA in the aqueous humour of the two eyes was 1-00 + 0-011 
(arithmetic: mean +8.z. of the mean). The effect of unilateral ligation of the 
common carotid artery on the concentration of AA in the aqueous humour was 
determined in twenty-five rabbits on normal diet. The measurements were 
made 24-30 hr after recovery from the anaesthetic. The mean concentration 
of ascorbic acid in the aqueous humour on the operated and unoperated sides 
was 20°5+0-99 and 25-15 + 1-47 mg AA/100 ml. respectively. The mean ratio 
of the concentration of AA in the aqueous humour on the operated side to that 
on the unoperated side was 0-80+0-035. This agrees with the value of 
0-83 + 0-025 reported by Linnér (1952) in similar experiments. 

The concentration of the transformation products of ascorbic acid, dehydro- 
ascorbic (DHA) plus diketogulonic acids (DKG), was determined on six 
operated animals (see Table 1). 

A series of twenty-nine operated rabbits was fed on diets deficient in. or 
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supplemented with AA, and a range of aqueous humour AA concentrations of 
15-40 mg/100 ml. was observed. The experimental results which are recorded 
in Table 2 have been divided into two groups according to whether the con- 
centrations did or did not exceed 25 mg/100 ml. The mean ratios in the two 
groups do not differ (P>0-10), but the difference in the concentration of AA 
between the two eyes of the two groups is significantly different (P < 0-001). 
These values are consistent with the view that in this range the operation 


results in a constant percentage fall in the AA concentration in the two eyes. 


TABLE 1 
DHA plus DKG 
AA concentration. concentration 
(mg/100 ml.) (mg/100 ml.) 
Operated side 24-27 +. 2-67 (6) 0-65 +0-03 (6) 
Unoperated side 30-45 + 2-42 (6) 0-70+0-04 (6) 
Ratio: Op/Unop 0-99+0-008 (6) 


0-78 (6) 


TaBxeE 2. The concentration of AA in the aqueous humour of the two eyes after a 
unilateral ligation of the common carotid artery. 
Mean ratio 


Group Aqy Aq:s Mean Aq.,-Aq., Aq.,/Aq.s 
1 17-14.0-92 (15) 20-541-00 (15)  3-414.0-37(15) 0-83- 0-02 (15) 
2 24-741-10 (14)  32-541-21 (14) (14) 0°76 0-02 (14) 
Aq., represents the AA concentration in the aqueous humour on the operated side and Aq., 
that on the unoperated side. Concentrations are expressed as mg/100 ml. 


TaBLE 3. The effect of ascorbic acid administered intramuscularly on the concentration of 
ascorbic acid in the aqueous humour in rabbits with a unilateral ligation of the common 


Group Injections Aq. Aq-s Aq.,-Aq.; Ratio 
1 Saline 16-8140-9 20-56 + 1-07 3-75 +0-68 0-82 +003 (10) 
2 5 mg 24-3 +1-30 33-58 + 2-83 9-28 + 1-80 0-725 + 0-037 (6) 
3 10 31-64+ 2-41 42-99 + 2-84 11-36+2-33 0-727+0-058 (6) 
4 20 40-77 +.0-96 52:3043:17- 11-584. 2-60 0:79 40-056 (6) 
5 30 58-53-+2-79 62-194 3-04 3-66 +.0-92 0-945 40-014 (6) 
65-56 + 2-95 7067-42-81 5-1142-25 0-928 + 0-029 (6) 
7 50 67-40 + 2-47 67-71 +2-55 0-31+0-54 0-994 +4.0-007 (9) 


Aqueous humour 1 is taken from the eye on the operated side and aqueous humour 2 from the 
eye on the unoperated side. After an initial injection of twice the subsequent dosage, injections 
were made hourly for a period of 5 hr and the aqueous humour removed 1 hr later. Concentrations 
are expressed as mg/100 ml. 


The effect of increasing doses of AA on the concentration of AA in the 
aqueous humour of operated rabbits is shown in Table 3. It will be observed 
that neither the absolute difference in AA concentrations between the two eyes 
nor the mean ratios are constant in the seven groups. The mean ratios of the 
concentrations of AA in the two eyes in groups 1-4 do not differ significantly, 
although the concentration of AA in the aqueous humour of group 4 is approxi- 
mately 24 times as great as in group 1. The ratios in groups 5-7 do, however, 


differ significantly from those in earlier groups and the value of unity found in 
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group 7 is the same as found in eyes of normal rabbits. The mean difference in 
the absolute concentrations of AA in the aqueous humour of groups 1—4 shows 
a tendency to increase with the AA concentration in the aqueous humour. 
This is in keeping with the constancy of the percentage difference in AA 
concentration found in these groups. In groups 5-7 there is a very significant 
reduction in the concentration difference between the two eyes which in 
group 7 drops to a value similar to that observed between the two eyes of a 
normal rabbit. The mean concentrations of ascorbic acid in the aqueous 
humour of the eyes on the unoperated sides in groups 5-7 do not differ 
significantly from the maximum of 67-5 + 2-5 mg AA/100 ml. in normal animals 
when the plasma concentration exceeds 2-3 mg/100 ml. (Béraény & Langham, 
1955). 

The minimal concentration of AA in the plasma required to produce a 
maximal rate of transfer of AA in the eyes of operated animals was deter- 
mined in separate experiments. Conscious rabbits of approximately 2:5 kg 
were used and the injections made intramuscularly except for an additional 
initial intravenous injection; blood samples were withdrawn from the fully 
dilated marginal ear vein. The results, which are shown in Fig. 1 and Table 4, 
fall into two groups. In the first four rabbits the ratio of the concentrations 
of AA in the two eyes is not significantly different from the value of 0-80 + 0-035 
observed in untreated animals, and the AA concentration in the aqueous 
humour on the operated side is well below the mean maximum of approxi- 
mately 70 mg/100 ml. observed when the secretory mechanism is operating at 
its maximal rate. In the remaining rabbits the AA concentrations in the 
aqueous humour of both eyes lie within the range of maximal values and here 
the ratios approach unity. It will be observed that a maximal transfer of 
ascorbic acid on the unoperated side occurred with a plasma concentration of 
3-5 mg/100 ml. which is higher than the value of 2-3 mg/100 ml. found for 
normal rabbits (Barany & Langham, 1955). It is, however, doubtful whether 
this is a significant difference in view of the small number of experiments and 
the observation that the titration method gives consistently 0-5-1-0 mg/100 ml. 
more ascorbic acid in the plasma than indicated by the osazone method used 
in studies on normal rabbits (Bérany & Langham, 1955). 


DISCUSSION 


The results of these experiments may be considered from two aspects. First, 
the transfer of ascorbic acid from the plasma into the aqueous humour; 
secondly, the measurement of ciliary blood flow. The experimental results are 
in agreement with the suggestion that the transfer of ascorbic acid from the 
blood stream into the aqueous humour could be dependent on the rate of 
blood flow through the ciliary processes. The transfer of ascorbic acid in 
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Fig. 1. The concentration of ascorbic acid in the plasma required to produce a maximal transfer 


TaBue 4. The relation of the concentration of ascorbic acid in the plasma to that in the aqueous 


Aqueous 1 is taken from the eye on the operated side and Aqueous 2 from the unoperated side. 
Concentrations are expressed as mg/100 ml. 
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of ascorbic acid into the aqueous humour of rabbits with a unilateral ligation of the common 
carotid artery. A solution of ascorbic acid (pH 7-2) was administered intramuscularly at 
hourly intervals and an additional intravenous injection was made at ¢=0 min. The upper 
set of results represented by the open circles led to a maximal transfer of ascorbic acid in both 
eyes. The concentration of ascorbic in the plasma of the lower group represented by filled-in 
circles was insufficient to produce a maximal rate of transfer in either eye (see text). 


humour of rabbits with a unilateral ligation of the common carotid artery. The plasma 
concentrations were analysed at time of the paracentesis; the full plasma curves are given 


in Fig. 1. 
Ratio: Aqn 
Rabbit Plasma Aq.; 
1 3-1 46-3 55-5 0-83 
2 4-7 42-5 52-0 0-82 
3 5-2 45-8 70-0 0-65 
4 3°8 43-0 54-0 0-80 
10-5 59-0 61-0 0-97 
13:8 85-0 0-95 
7 11-6 78-0 82-5 0-95 
8 13-0 62:0 63-0 0-98 
9 9-2 64-0 65-0 0-98 
10 8-0 67-6 68-0 0-99 
11 10-7 71-0 70-5 1-00 
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normal rabbits and in animals with unilateral carotid ligation is similar in 
several respects. Equal concentrations of ascorbic acid in the aqueous humour 
of all animals were observed when the rate of transfer was at a maximum. 
Similarly, the plasma concentration needed to produce a maximal transfer on 
the unoperated side was approximately the same as for normal eyes. On the 
operated side, however, where there is a decreased blood flow, the plasma 
concentration had to be raised to produce maximal transfer. If the concen- 
tration in the aqueous humour is limited by the rate at which the compound 
reaches the site of transfer it might be expected that to maintain a constant 
transfer it would be necessary to increase the plasma concentration by an 
amount proportional to the drop in blood flow. A 50% drop in blood flow 
would require the plasma concentration to be doubled. On the basis of the 
present experiments the change in blood flow is between 15 and 40%: whereas 
a plasma concentration of 5 mg/100 ml. is adequate to produce maximal 
transfer in the unoperated eye, a plasma concentration of 6-8 mg/100 ml. is 
necessary on the operated side. A decrease in ciliary blood flow of 15-40% is in 
general agreement with the observation that there is a decrease of 20% in 
blood flow through the vortex veins following unilateral carotid ligation 
(Linnér, 1952). It is therefore possible that the difference of 20% in the con- 
centration of ascorbic acid between the two eyes is an approximate measure 
of the difference in ciliary blood flow. It is certainly not due to alterations in 
intraocular metabolism of ascorbic acid: the concentrations of the trans- 
formation products of ascorbic acid were found to be equal in the two eyes and 
to be less than 3% of the total ascorbic acid present. 

No accurate method has yet been devised to measure the rate of blood flow 
through the ciliary processes. If it is accepted that the ligation of one common 
carotid artery leads to a change in this rate of flow and in the concentration of 
ascorbic acid in the aqueous humour, the validity of Linnér’s suggestion that 
ascorbic acid might be used as an index of the former, in a manner similar to 
clearance techniques in the study of renal function, is of unusual interest. 

The balance between the amount of ascorbic acid entering and leaving the 
aqueous humour can be expressed in the form: 


(Cart. — Cven.) =Caq.4aa> (1) 


where F',,, is the rate of flow of plasma, and O,,,, and C,,,,. the concentrations 
of ascorbic acid in arterial and venous samples of plasma flowing through the 
ciliary processes: k,, is the rate of loss of ascorbic acid from the aqueous 
humour and C,,, the concentration of ascorbic acid in the aqueous humour. 
Since it has been shown (Bérény & Langham, 1953, 1955) that the relation 
between the ascorbic acid concentrations in the aqueous humour and the 
plasma is of such a form that when extrapolated back to zero plasma con- 
centration the intercept on the aqueous concentration axis is certainly not 
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negative, it would seem that the venous ascorbic acid concentration in the 
ciliary body must either be very small or nearly proportional to the arterial 
concentration. It is difficult to see why, as the concentration of ascorbic acid 
in arterial plasma rises, the arteriovenous concentration différence should rise 
in proportion: it might be more readily expected to decrease. It seems most 
probable, therefore, that the explanation of the relation between arterial and 
aqueous concentration is that the venous Sonceateation } is negligible. If this 
be so, then equation (1) can be rewritten 


and the question of the validity of Linnér’s hypothesis resolves itself into the 
question of the constancy of k,,. 

This question will have to remain open, since it has recently been shown 
(Barény, 1953) that the drainage of the anterior chamber is, at least in part, 
an active process which could presumably be modified by the changes in 
composition of the aqueous which socompany carotid ligation, or by any 
change in blood supply. 


SUMMARY 

1. The concentration of ascorbic acid in the aqueous humour and plasma of 
rabbits after a unilateral ligation of the common carotid has been studied. 
The concentration of ascorbic acid in the aqueous humour of the ligated side 
was found to be approximately 20% lower than on the unligated side. The 
mean ratio of the concentration of ascorbic acid in the aqueous humour of the 
two.eyes of 0:80+0-035 agrees with the value of 0-83+0-025 observed by 
Linnér (1952). This ratio has been found constant in a range of aqueous 
humour ascorbic concentration of 15-40 mg/100 ml. 


2. On raising the concentration of ascorbic acid in the plasma the concen- — 


trations of ascorbic acid in the aqueous humour of the two eyes rose to a 
maximal value of 67-7 +2°6 and 67-4+2°5 mg/100 ml.; these values do not 
differ significantly from that of 67-5+2-1 mg/100 ml. observed in similar 
experiments on normal rabbits (Bérany & Langham, 1953, 1955). 

3. The concentration of ascorbic acid and its transformation products, 
dehydroascorbic and diketogulonic acids in the aqueous humour of operated 
animals has been determined. The concentration of the transformation pro- 
ducts was approximately the same in both eyes and accounted for less than 
3°% of the total ascorbic acid. 

4. The concentration of ascorbic acid in the haa required to produce a 
maximal transfer of ascorbic acid across the ciliary epithelium on the un- 
ligated side is 3-5 mg/100 ml. On the ligated side saturation of the transfer 
mechanism occurs at a value which exceeds 5 mg/100 ml. but is less than 
7-8 mg/100 ml. 
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5. It is concluded that the present results support the contention of Linnér 
(1952) that the rate of transfer of ascorbic acid across the ciliary processes is 
determined by the amount reaching the site of transfer and is modified by 
changes in the rate of flow of blood through the eye. The use of ascorbic acid 
to measure the rate of blood flow cannot, however, be fully evaluated until it is 
known if the rate of loss of ascorbic acid in the aqueous humour is affected by 
the rate of transfer of ascorbic acid. : 


I wish to acknowledge the interest and advice of Sir Stewart Duke-Elder and to thank the 
Medical Research Council for defraying the cost of this study. My thanks also to Miss Sheila 
Scotchbrook for her able technical assistance. - 
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THE FUNCTION OF RECEPTORS IN THE STATOCYST OF 
THE LOBSTER HOMARUS AMERICANUS 


By MELVIN J. COHEN* pica 
From the Department of Zoology, University of California at Los Angeles, U.S.A. 


(Recewed 3 January 1955) 


The great majority of animals normally maintain a definite attitude within the 
gravitational field which Fraenkel & Gunn (1940) term the primary orientation. 
It is the characteristic position an animal assumes when at rest and from 
which all active movements originate. Such a normal position is generally not 
defined by the organism’s physical centre of gravity, but is actively achieved 
and maintained. An orientation of this type is possible only if receptors are 
available which are sensitive to the magnitude and relative direction of 
gravitational force. It is the purpose of this study to investigate such receptors 
in the invertebrate statocyst by recording action potentials from the primary 
afferent neurones. 

The organ classically associated with geo-orientation is the statocyst, a term 
which has been applied to the vertebrate utriculus and sacculus as well as to 
the invertebrate equilibrium organ (Fraenkel & Gunn, 1940; von Buddenbrock, 
1952). For the purpose of clarity, the vertebrate utriculus and sacculus will be 
referred to as otolith organs, following the usage of Lowenstein (1950), and 
the analogous invertebrate structure as a statocyst. 

The statocyst can be described as an ectodermal sac, fluid-filled and lined by 
hairs which are in contact with a relatively dense mass, the statolith. Such 
structures occur in all major metazoan phyla (Plate, 1924; Kolmer, 1926) and 
their appearance in the Hydromedusae, which are still at a tissue level of 
organization, qualify them in a real sense as the first organ to appear in the 
animal kingdom. 

The most intensive investigation of statocysts, both from a morphological 
and physiological standpoint, has occurred in the decapod crustacea. Within 
this group, including lobsters, shrimps and crabs, a statocyst occurs in the 
basal segment of each antennule, thereby being readily accessible to experi- 
mental manipulation with a minimum of trauma to the animal. Following the 


* Present address: Harvard University, Department of Biology, Cambridge 38, Massachusetts, 
U.S.A, 


IP 
- 
id 
18 
ig 
3 
a 
a 4 
‘ 
< 
r 
of 
7 
ct 
> 
4 
ag 
4 
a 


{ 

a 
>, 


10 MELVIN J. COHEN 


morphological studies of Farre (1843) and Hensen (1863), a great deal of 
physiological experimentation was carried out on the crustacean statocyst 
utilizing primarily behavioural observation before and after statocyst ablation. 
It may be briefly stated that, in general, the statocyst was shown to play a role 
in the detection of absolute position (Kreidl, 1893) as well as in the co-ordina- 
tion of locomotory movements (Clark, 1896). The results were, however, often 
conflicting, and only the dominant and most obvious parameters yielded to 
analysis of this nature. 

A need exists, therefore, for precise knowledge o: the adequate stimuli, 
differentiation of receptor types and the quantitative performance of the 
equilibrium organ found throughout the invertebrates. Such information may 
aid in gaining an evolutionary perspective of the vertebrate equilibrium organs 
analysed in particular by Lowenstein (1936, 1950). Analysis of the crustacean 
statocyst may also bear on the functional differences between primary and 
secondary sense cells. A fundamental difference is thought to exist between 
invertebrate and vertebrate equilibrium receptors in that the crustacean 
statocyst receptors are considered as primary sense cells (Kolmer, 1926). The 
afferent fibre terminating in the hair base is thought to respond directly to the 
mechanical stimulus; the non-living chitinous hair serves only to ‘focus’ the 
stimulus passively on the nerve terminal. The neuromast cell of the vertebrate 
labyrinth is thought to be receptive in itself. The associated nerve terminals 
are excited by processes aroused within the sensory cell rather than by direct 
action of the stimulus. As pointed out by Lowenstein (1950), knowledge of 
primary receptors is extremely scanty and any contribution in this area may 
aid in the general understanding of transducing mechanisms. 


METHODS 


A total of oes male and female eastern lobsters, Homarus americanus Milne-Edwards, 
were used in this study, The animals, weighing from 800 to 1000 g, were bled by opening the 
ventral abdominal sinus in order to prevent blood coagulation around the statocyst nerve. The 
anterior region of the cephalothorax was removed and used as an isolated preparation (see Fig. 1). 
This region was immersed in sea water and, with a dissecting microscope, the statocyst nerve was 
dissected free from the antennular nerve and surrounding connective tissue for a distance of about 
7 mm distal to the brain. By rigidly mounting the preparation in an electrode holder both the 
electrodes and the preparation could be moved as a unit. After section of the statocyst nerve near 
its junction with the brain, the nerve or a small bundle teased com it was lifted into the air and 
placed across platinum wire electrodes. 

The electrode holder, together with the preparation, were fastened to a ‘shaft supported by a 
journal bearing which allowed smooth rotation. Proper orientation of the electrode holder allowed 
the preparation to be rotated about either its transverse or longitudinal axis. In most instances 
the shaft was rotated by hand ; however, when constant velocity was desired, a thyrat trolled 
electric motor was connected to the shaft through a 50:1 reduction gear. Heavy rubber pressure 
tubing coupled the motor to the reduction gear in order to prevent motor vibration from being 


transmitted to the preparation. This system allowed smooth rotations to be carried out at 
velocities constant within 2%. Rs 
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For horizontal rotation the mounted preparation was placed on a turn-table which was driven 
by a falling weight attached to a fine thread wrapped around the periphery of the turn-table. 

When different bundles of the statocyst nerve were used, a single preparation kept moist with 
sea water often remained active for as long as 5 hr. All experiments were carried out at room 
temperature and it is probable that the absolute frequency levels were altered by this measure 
(Cohen, Kateuki & Bullock, 1953). However, the response pattern of the statocyst appears to be 
based on relative changes in frequency, and it is improbable that temperature caused a serious 
distortion of such relative values. 

The electrodes were connected to a 4-stage, capacity-coupled, battery-operated pro-amplifier 
by flexible wire leads which did not interfere with rotation of the preparation. The amplified 
action potentials were then led to one beam of a dual-beam cathode-ray oscilloscope and photo- 
graphically recorded. A loud-speaker was also used to monitor the nerve activity. 

Angular displacement was recorded simultaneously with the action potentials by a method 
similar to that described by Lowenstein & Sand (1940a). A slotted disk was mounted concentric- 
ally on the rotating shaft or on the turn-table and interrupted a light beam shining on to a 
selenium photocell. The photocell output was connected to the second beam of the recording 
oscilloscope. Slots 0-8 mm wide were cut around the disk circumference every 3 degrees, thereby 
permitting the photocell to be activated at known displacement intervals. Knowledge of the film 
speed made it possible to calculate angular displacement, velocity and acceleration. 

In experiments where the statocyst and its contents were operatively manipulated, the dorsal 
region of the basal antennular segment was removed before the preparation was mounted on the 
rotating device. Once the nerve was on the electrodes it was then possible to remove the over- 
lying hypodermis and cut out a small portion of the dorsal cyst wall in order to expose its contents. 
Under a dissecting microscope various procedures such as fluid or statolith removal or destruction 
of hair groups could be carried out without disturbing electrode geometry. 

The effects of such operative procedures on the recorded nervous activity also served as a 
control ensuring that the observed responses originated within the statocyst. Additional physio- 
logical controls consisted of stimulating other antennular regions, such as the flagella, as well as 
crushing the nerve between the statocyst and recording electrodes. The nerve was traced to the 
statocyst after each experiment. 

Histological sections of the statocyst and its nerve were prepared by fixation in 2% cami acid 
or in Bouin’s solution. The material was embedded in paraffin, sectioned at 10 , and stained with 
Masson’s trichrome or Heidenhain’s haematoxylin. 


RESULTS 


The statocyst responses in H. americanus appear to arise from four different 
kinds of receptors, and it is felt the results can best be presented by con- 
sidering the evidence for the existence of these receptor types. 

As proper understanding of statocyst physiology depends upon a knowledge 
of certain anatomical features, a brief morphological description will be given. 


Anatomy 

As in all decapod Crustacea, a statocyst occurs in the basal segment of 
each of the two antennules (Fig. 1). The anatomy and innervation of the stato- 
cyst in H. americanus and its European counterpart, H. vulgaris, have been 
described. previously (Farre, 1843; Hensen, 1863; Prentiss, 1901), and the 
account given below, based on original observations, agrees in all essentials with 
those of the earlier workers. 
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The organ consists of a semi-transparent chitinous sac, fluid-filled, with 
chitinous hairs projecting into the lumen. A statolith, composed of sand grains 
cemented together into a compact mass, is fastened flexibly to the cyst floor 
by a secretion from the tegmental glands (Lang & Yonge, 1935). In an animal — 
of 800 g the cyst measures approximately 7 mm long, 4 mm wide, and 3 mm 
deep. It is attached to the dorsal antennular wall only at its anterior end and 
a medial aperture opens to the exterior near the region of attachment. 


Fig. 1. A drawing of the dissected anterior cephalo-thoracic region of the lobster Homarus 
americanus. This type of preparation was used in all experiments. For this drawing the 
statocyst is exposed in the basal segment of the right antennule. The nerve seen coursing 

_ from the brain to the statocyst is the combined statocyst and antennular nerve. 


A distinct nerve, approximately 7 mm in length, runs proximally from the 


outside of the ventral cyst wall and courses dorso-lateral to the main trunk of 
the antennular nerve, entering the brain just dorsal to the origin of the anten- 
nular nerve. The cell bodies, whose proximal processes make up the statocyst 
nerve, lie 0-5 mm from the bases of the hairs which they innervate. The single 
distal process of one cell body penetrates the ventral statocyst wall through 
a canal and ends in the base of a hair within a dilated region termed the 
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ampulla. The nerve terminal is asymmetrically coupled directly to a process of 
the hair wall which extends down into the ampulla. According to several 
authors (Farre, 1843; Hensen, 1863; Prentiss, 1901; Kinzig, 1919) only one 


neurone innervates a single statocyst hair. I have found the same in my histo- 
logical sections. 


Fig. 2. Drawing of the right statocyst in situ as seen from above. The dorsal region of the basal 
antennular segment and the dorsal statocyst wall have been removed, thereby exposing the 
lumen contents. Anterior is toward the top of the page, lateral is to the right. Note the 
crescentic sensory cushion with its 4 hairrows. The statolith mass is seen in contact with the 
inner 3 rows. The fine medial thread hairs project horizontally. into the lumen from the 
posterior region of the medial wall. The large antero-lateral hairs are visible and the opening 
into the cyst can be discerned at the antero-medial boundary between the cyst and 
antennular chitin. 
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Between 400 and 500 chitinous hairs on the organ floor are distributed in 
four rows along a crescent-shaped elevation termed the sensory cushion 
(Fig. 2). Row 1 is most peripheral on the sensory cushion and consists of 
irregularly spaced hairs which project vertically into the fluid of the cyst 
lumen and apparently never come into contact with the statolith mass. The 
hairs of row 2 are regularly arranged and project from the sensory cushion into 
the statolith mass at an angle of approximately 40°. Only the very tips make 
contact with the liths and appear fastened to them by the same cementing 
substance as binds the sand grains together. Near the anterior lateral portion 
of the crescent these hairs become less evenly distributed and their tips no 
longer appear fastened to the statolith but merely touch the topmost layer 
of sand grains. In this region the hairs are more nearly vertical and may reach 
40 w in diameter and 850 » in length. The hairs of rows 3 and 4 are spaced 
somewhat farther apart and, projecting doep into the statolith, appear 
fastened between sand grains by the cementing substance. In the anterior 
lateral region of the crescent a group of relatively short hairs is distributed 
medially and lies directly beneath the anterior portion of the statolith mass. 
The sensory cushion hairs average 25 » in diameter and 540 p in length. 

Beginning from the most posterior aspect of the medial wall a row of about 
70 hairs extends anteriorly and projects into the fluid horizontal to the cyst 
floor. These thread-hairs (Prentiss, 1901) are extremely fine, averaging 5 » in 
diameter and 600 y in length. The hairs of this group never come in contact 
with the statolith mass but rather float free and are set into motion by the 
slightest movement of the fluid. 

The individual sand particles are cemented securely together and as a single 
compact mass form the statolith proper. Only rarely was a fragmented stato- 
lith observed in which the parts were not attached to the floor, but free to — 
move within the lumen. The actual excursion of the lith appears extremely 
slight. A point judged to be of primary importance in this system is the 
relatively constant relationship between any single hair and the statolith. Such 
a situation implies that a given stimulus will always affect an individual 
receptor in the same manner. 

Physiology 


In references to rotations about the transverse axis, displacement is indicated 
in degrees. Zero is taken as the normal resting position. Absolute position is 
indicated on a 360° scale, starting from the resting position and read clockwise 
(animal viewed from the left). The term rostrum-up refers to movement 
toward the 90° position; rostrum-down indicates movement toward the 270° 
position. | 

In rotations about the long axis, 0° also refers to the primary orientation. 
Displacement is indicated as side-up or side-down with reference to the side 
under investigation. 
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270° 


Fig. 3. Scheme for describing absolute position about the transverse axis. 
The animal is viewed from the left. 


Receptor types 
Type I position receptors. These receptors show a specific non-adapting dis- 


charge frequency for different maintained positions about the transverse axis. 


They are primarily sensitive to absolute position. 

Fig. 4 shows the response of a 3-4 unit preparation to an interrupted 
rostrum-up rotation beginning at 270°. Each new position was maintained for 
30 sec before moving on. The solid curve represents the unadapted frequency 
for each position, while the broken curve can be considered as the adapted 
level. The units exhibited a different maintained frequency for different 
positions about the transverse axis within a 156° region extending from 294° 
to approximately 90°. They were inactive beyond the limits of the effective 
range, responding neither to movement nor to position. As indicated in the 
graph, some adaptation occurred and was complete within 15 sec. Preparations 
of this receptor type maintained the adapted frequency as long as observed, 
which was up to 10 min. | 

The extent of the response range as well as the frequency reached by a 
receptor in a specific position varies slightly within a time span of as little as 
2 min; however, the general pattern of the frequency curve as well as the 
position of maximum response appears relatively constant. Fig. 5 is from a 
record of the preparation depicted in Fig. 4 but taken 10 min later. The left- 
hand portions of the record preceding movement in Fig. 5 are the adapted 
frequeney levels in the various positions indicated. In this instance practically 
no adaptation occurred after reaching the various positions. A 6° change in 
position from 357° to 3° resulted in a non-adapting frequency increase of 
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133 %. The receptor threshold near the region of maximum response appears to 
be less than 6° of displacement. Note that all frequency changes were gradual 
and were unaffected by acceleration and deceleration associated with the onset 
and termination of movement. 


100 
80 


60 


40 


Impulses per sec 


} Rostrum down Rostrum up 


300 320 30 0 20 40 60 
Position in degrees about transverse axis 


Fig. 4. The response of 3-4 type I position receptors at various positions about the transverse 
axis reached during an interrupted rostrum-up rotation. Solid curve represents average 
frequency during the 0-1 sec interval after arrival in the new position; broken curve repre- 
sents average frequency during the 18-19 sec interval after arrival and may be considered 
as the adapted level. oe 


Fig. 7 represents the response of a single unit to continuous hand-driven 
rotation in opposite directions about the transverse axis (average velocity 16° 
per sec). The region of response to position changes extended rostrum-up 
from 0 to 196°. A minimum of 4-5 impulses per sec existed at the extremes of 
_ the position sensitive range and a maximum frequency was reached at 84° 
during rostrum-up rotation. With rostrum-down rotation through the 
position-sensitive region the entire curve was displaced to the right (relative 
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to the previous curve); although the same peak frequency was reached, it 
occurred at 132° rather than at 84°. Beyond the sensitive range the minimum 
impulse frequency of 4-5 per sec persisted but remained unaltered by positional 
changes. | 
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20 


Impulses per sec 
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e—e Rotated rostrum up 
o--—o Rotated rostrum down 


0 24 48 72 %6 120 144 168 192 
Position in degrees about transverse axis 
Fig. 7. Response of a single type I position receptor to continuous rotation in opposite directions 
about the transverse axis. Solid curve to be read from left to right; the broken curve to be 
read from right to left. Each point represents average frequency over a 12° interval. Note 
the dependence of the response curve upon direction of rotation. 


Fig. 8 illustrates the behaviour of a multi-unit preparation rotated about 
the transverse axis at different constant angular velocities and in opposite 
directions. In this case the apparatus was motor driven and brought to con- 
stant velocity before actual recording commenced; thus any possible effect of 
acceleration was eliminated. The general form of the curves is similar to the 
single-unit plot in Fig. 7 and also to the non-adapted curve of Fig. 4. Rostrum- 
up rotation at the higher velocity appeared to expand the response range 
slightly, but both the location and the amplitude of the peak frequency 
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remained unchanged. Rostrum-down rotation again caused a relative dis- 
placement of the entire response curve to the right, but it is apparent that the 
magnitude of the peak frequency is relatively independent of both rotation 
direction and velocity. As the velocity of rostrum-down rotation is increased, 
the response curves become steeper in the region approaching maximum 
frequency, indicating that a given frequency is achieved sooner at the higher 
rotation velocities. The receptors graphed in Fig. 8 are completely inactive 


within a region extending approximately 130° rostrum-down from 0°. This 


contrasts with the receptor of Fig. 7 which maintained a minimum frequency 
even within the region where it was insensitive to positional changes. 
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336 0 24 48 72 9 120 144 168 192 216 240 264 288 
Position in degrees about transverse axis 
Fig. 8. Response of multi-unit preparation of type I position receptors to constant velocity 
rotation carried out at different rates and in opposite directions about the transverse axis. 
Solid curves to be read from left toright; broken curves to be read from right toleft. Each point 
represents average frequency over a 12° interval. Units were active only within the range 
indicated. 

In a multi-unit preparation, where identification of individual fibres is not 
certain, the possibility exists that different units may be responding during 
rostrum-up and -down rotation. However, the similarity of the peak fre- 
quency value with rotation in opposite directions and the general resemblance 
to the single-unit preparation of Fig. 7 implies that the same units are probably 
involved in both the rostrum-up and -down rotations depicted in Fig. 8. 

Frequently these receptors responded to vibrations conducted through solid 


substrate. Tapping the table or apparatus supporting the siniimtia Wag 
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discrete bursts of impulses. Other types of vibrations, discussed in connexion 
with vibration receptors, had no effect. No receptors of this type have been 
found which respond to positional changes about the long axis. 

Type II position receptors. These receptors maintain an altered frequency 
level in different positions about both horizontal axes. In addition to the static 
response, they also show a distinct sensitivity to the direction of movement. 

Fig. 9 illustrates the response of such receptors during a complete experi- 
ment in which the preparation was subjected to a series of interrupted 
rostrum-up and -down displacements about the transverse axis. The receptors 


y 32 32 
24 
3 16 16 
28 
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Fig. 9. Response of a 3-4 unit preparation of type II position receptors which were subjected to 
a series of interrupted displacements about the transverse axis; each new position was main- 
tained for 33 sec before moving on. The third axis is in degrees displaced and not in absolute 
position. Thus a displacement of 36° rostrum-down is equivalent to the absolute position of 
324°, etc. The frequency reached after the time break in each new position is the adapted 
level. Note the difference in response with displacement in opposite directions over the same 
region. The adapted response appears independent of the direction of approach. 


were inactive at 0° and reached a maximum non-adapting level of activity 
between 290° and 270° (i.e. 70-90° rostrum-down). A specific non-adapting 


frequency level was demonstrated for the 0°, 324° and 288° positions. As shown 


for the 324° position (a displacement of 36° in the graph) the adapted value is 
independent of the direction of approach. The response during movement is, 
however, greatly affected by displacement direction. During movement 
toward the region of maximum static response (rostrum-down) the frequency 


gradually increased, reaching values greater than the adapted position re- 


sponse characteristic for the traversed region. Cessation of movement was 
followed by adaptation ‘downward’ to the frequency characteristic for the 
specific position reached. During movement away from the position of maxi- 
mum static response (rostrum-up) the receptors stopped firing; if the move- 
ment was terminated within the position-sensitive range, the activity then 
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adapted ‘upward’ to the frequency level characteristic for the new position as 
illustrated when the 324° position was reached by rostrum-up rotation. The 
response during movement depends upon the direction of displacement as well 
as the region traversed. Such receptors may serve to signal not only absolute 
position but also the direction from which a given position is approached. 
This receptor type may occur with the maximum static response in a 
rostrum-up position. In this instance rostrum-up movement from 0° results in 


a frequency increase during displacement; rostrum-down movement (i.e., 


away from the position of maximum static response) causes a decrease in 
activity during displacement. This further indicates that the depression 
response occurs only during movement away from the maximum static 
response region. 

Fig. 10 illustrates such a response in a single unit. Spontaneously active at 
333°, this receptor gradually increased in frequency during a 54° rostrum-up 
rotation from 333° to 27°. Adaptation occurred slowly but rather completely 
in this case and approached the 333° resting level within 18 sec after reaching 
the new position. Rostrum-down rotation from 27° back to 333° resulted in 
a sharp decrease in activity during movement. Recovery back toward the 
spontaneous level characteristic for the 333° position occurred after stopping. 

The particular unit in Fig. 10 showed a rather labile static response in that 
the extent of adaptation, at the 27° position, varied from one rotation to the 
next. Fig. 10e-g is from a second rostrum-up rotation from 333 to 27°, and it 
is apparent that adaptation in this instance was much less than in the previous 
case (compare c and h of Fig. 10). Note that in the minimum response position 
the receptor is arrhythmic and tends to become more rhythmic during strong 
stimulation. | 

This kind of receptor has been observed in connexion with long axis rotation 
and usually reaches a maximum adapted frequency in the 45-90° side-down 
position. But those receptors of this type which respond to movement and 
static position about the transverse axis are usually not responsive to such 
stimuli about the long axis. Similarly, receptors responsive to stimuli about 
the long axis do not respond to rotation or maintained position about the 
transverse axis. | 

This receptor type displays a vibration sensitivity similar to that described 
for the type I position receptors. 

Acceleration receptors. Specific receptors respond only to movement about 


the horizontal and vertical axes, not to position. These receptors were more 


frequently observed when records were obtained from the most lateral bundle 
of the statocyst nerve, and they fired spontaneously at the same frequency with 
the preparation orientated in any position. Rostrum-down rotation about the 
transverse axis causes a burst of activity in the acceleratory phase followed 
by a marked decrease, falling below the resting level, during deceleration 
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associated with movement termination. Rostrum-up displacement causes the 
reciprocal response; an abrupt depression during acceleration followed by a 
burst of activity, rising above the previous resting level, at the termination of 
movement. Impulse traffic returns to approximately the original resting level 
within 1 sec after cessation of movement. Side-down rotation about the long 
axis produces a burst at the onset of movement and a depression of activity 
near the termination of movement; side-up rotation yields the reciprocal 


333° | Begin m movement ‘rostrum toward 
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Fig. 10. Response of a single type II position receptor to dynamic and static aspects of displace- 


ment about transverse axis, Displacement signal in lower beam: one deflexion every 3 . 
Arrows indicate onset and termination of movement. The response of the same unit to 4 
second similar displacement is shown in records (e)-(h). In the second trial, adaptation at the 
27° position (h) was less than that of the previous trial (c). 
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response. Rotation on a horizontal turn-table with the preparation in its 
primary orientation results in a similar response pattern. Contralateral rota- 
tion (statocyst-trailing) causes a burst during initiation of movement and a 
depression at the termination of movement; ipsilateral rotation (statocyst- 
leading) causes the reciprocal response. 

Complete depression of spontaneous activity was observed during rostrum- 
up acceleration of 5°/sec*. Although the arrhythmic spontaneous activity of 
these receptors creates difficulty in distinguishing slight responses, it appears 
that the threshold ranges between 5 and 15°/sec* of angular acceleration. The 
depression of spontaneous activity caused by rostrum-up, side-up and ipsi- 
lateral horizontal acceleration is followed by a return toward the resting level 
within 0-5 sec after reaching a constant angular velocity. This indicates that 
the force resulting from angular acceleration is the effective stimulus. Any 
centrifugal component which may have occurred during rotation at a constant 
angular velocity was reduced to a minimum by mounting the preparation so 
that the statocyst lay within 1 cm of the axis of rotation. 

It appears that the same receptor fires in a similar pattern during movement 
in the three planes. No deviation from this response pattern was ever observed 
in this receptor type; i.e. side-down displacement always yielded a burst- 
depression response, and side-up displacement always resulted in a depression- 
burst pattern, etc. Therefore rostrum-down, side-down, and statocyst-trailing 
horizontal rotations elicit the same response sequence from a single receptor. 

Fig. 6 illustrates the response pattern to rotation about the long axis in two 
or three acceleration receptors. The spontaneous activity appeared unaffected 
by the position of the preparation and frequency returned toward the resting 
level within 1 sec after the termination response. In Fig. 65 note that 
recovery from depression occurred before the side-up movement stopped. It 
appears that the same receptors are responsible for the entire burst-depression 
response pattern. 

The relation between stimulus and response is more clearly demonstrated in 
Fig. 11, which was plotted from records obtained in the Fig. 6 experiment. The 
response does not follow precisely either angular velocity or angular accelera- 
tion, The increased frequency associated with side-down rotation reached 
its maximum during the period of greatest acceleration; the latent period 
between stimulus and response is so short (less than 50 msec) that it could not 
be measured with the apparatus at hand. As acceleration fell to zero, the 
response began falling toward the resting level; but the depression associated 
with termination of side-down movement occurred approximately 0-35 sec 
after maximum deceleration. Similarly, in the side-up response sequence the 
frequency fell to zero during maximum acceleration associated with'the onset 
of movement; when acceleration fell to zero and constant velocity was achieved, 
the frequency remained maximally depressed and activity only began rising 
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toward the resting level during deceleration near the termination of movement. 
Again note that the maximum terminal side-up — occurred 0:4 sec 
after reaching the greatest deceleration. 

These receptors, therefore, respond in a reciprocal manner to angular move- 
ments in opposite directions and appear unresponsive to absolute position. 
They are relatively insensitive to vibration. 

Vibration receptors. These receptors respond only to vibration conducted 
through the solid substrate. They show no response either to angular move- 
ment or to different maintained positions in space. Lightly tapping either the 
table or the apparatus supporting the preparation causes discrete bursts of 
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Fig. 11. Response of acceleration receptors to rotation in opposite directions about the long axis 
(solid curve). Angular acceleration and velocity are shown by the broken curves. Data 
obtained from records of Fig. 6 experiment. Each point represents average frequency over 


0-1 sec time interval, Note that the irregular spontaneous activity is approximately the same 
in the different maintained positions. 


impulses. Vibrations conducted through the air have no effect; hand-claps, 
speech, and tuning forks of frequencies ranging from 128 to 320 c/s and placed 
within 5 mm of the aperture elicit no response. Similarly, no response occurs 
to vibration conducted through water in which the statocyst was submerged ; 
tapping a metal rod placed in the water 5 mm from the statocyst aperture 
and tuning forks (128-320 c/s) placed against the wall of the glass container 
are equally ineffective. It appears that only relatively high intensity, low 
frequency vibration such as that carried through a solid substrate provides 
an effective stimulus for these receptors. | 
Fig. 12 illustrates a single unit response from this receptor type. The stimulus 
consisted of a light tap with a wooden rod on the metal shaft supporting 
the preparation. The receptor was spontaneously active at a low average 
frequency of 6 per sec with the preparation in any spatial orientation. The tap — 
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7 caused a discrete burst of activity, followed by a rapid return to the spon- 


taneous level. Rotation about both the transverse and long axes did not 
modify the resting activity. 

The vibration response is typically mediated by fibres aboeding the susie 
spike amplitude. This relationship occurred so regularly that it is probably not 
due to electrode geometry, but instead indicates that the vibration response 
occurs in receptors having the largest axon diameter. These receptors typically 
exhibit the lowest level of spontaneous activity, and it frequently disappears 
during the course of an experiment long before the spontaneous firing of 
position and acceleration receptors ceases. Vibration sensitivity persists in 
those receptors in which spontaneous activity is lacking. 


Fig. 12. Response of vibration receptor to a light tap with a wooden rod on metal shaft supporting 


the preparation. Stimulus indicated by sharp deflexion of lower beam. Time marker 60 c/s. 


Mampulation of various statocyst components 

Statolith and fluid removal. A small opening cut in the dorsal cyst wall allows 
access to the contents of the lumen and does not appear to affect the organ 
physiologically. 

The statolith may be gently washed out of the cyst with jets of sea water 
from a fine pipette inserted into the lumen. Removal of the statolith abolished 
all the position responses but did not appear to affect spontaneous activity 
if the cyst remained fluid-filled. Vibration sensitivity persisted, both in the 
vibration receptors and in the vibration-sensitive position receptors. In 
several preparations statolith removal did not abolish the response of accelera- 
tion receptors; however, in certain instances washing out the statolith did 
result in abolition of the acceleration response. 

By looking into the cyst lumen through a hole in the dorsal wall, one could 
observe the hairs with the aid of a dissecting microscope. In the fluid-filled 
cyst, after étatolith removal, the hairs are buoyed up and project into the 
lumen. On the sensory cushion, row 1 projected vertically while hairs of rows 


- 2-4 projected toward the inside of the crescent at an angle of 30-60° with 


respect to the cyst floor; the median thread-hairs floated in the lumen hori- 
zontal to the ventral cyst wall. As the fluid was gradually removed from the 
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lumen by blotting with a fine filter-paper wick, the hairs of rows 1-4 flattened 
against the cyst floor with their tips pointed inward from the periphery of the 
sensory crescent; the median thread-hairs flattened against the medial wall 
so that their shafts pointed downward and were vertical to the cyst floor. 
Spontaneous activity was almost entirely abolished in the drained cyst. All 
response to rotation or maintained position was eliminated but some vibration 
sensitivity persisted. If the flattened sensory cushion hairs of the drained cyst 
were lifted toward the vertical with a fine glass needle, discrete bursts of action 
potentials occurred. With replacement of the fluid, the hair shafts gradually 
resumed their characteristic position by floating upward away from the cyst 
floor, and this was accompanied by a gradual return of spontaneous activity 
within 15 sec after re-filling. 

Displacement of the sensory cushion hairs toward the horizontal decreases 
activity in the primary sensory neurone, while displacement toward the vertical 
increases activity. The ‘spontaneous’ activity therefore appears due to the 
hair being maintained in an intermediate position by the combined support of 
the fluid and statolith. A given hair may be deviated from the intermediate 
‘spontaneous’ position either toward the horizontal or vertical, resulting in a 
respective decrease or increase of activity in the sensory neurone. 

Localization of receptor types. Removal of a portion of the cyst wall permitted 
manipulation of both the sensory hairs and the statolith with a fine glass needle 
while records were obtained from various bundles of the afferent nerve. Ina 
multi-unit preparation showing a type I position response, the lightest touch 
or movement of the statolith caused discrete bursts of activity. This finding, 
coupled with the fact that statolith removal abolishes all position sensitivity, 
implies that some of the receptors responsible for such responses are in rows 
2-4 or in the anterior medial extension of hairs underlying the statolith. 

In one instance a few-unit preparation containing vibration receptors was 
obtained after statolith removal. Discrete bursts of impulses occurred when 


the large vertical hairs in the extreme antero-lateral region of the sensory | 


crescent were bent toward the cyst floor. Movement of these hairs in other 
directions was less effective. This contrasts with the other sensory cushion 
receptors which are depressed when the hairs are bent toward the cyst floor. 
Touching or moving hairs in any other region of the cyst did not elicit a 
response. It appears that at least some of the vibration receptors are located 
in this antero-lateral hair group. 

In few-unit preparations showing only acceleration responses (see Fig. 6) 
the small nerve bundle from which the records were obtained could be traced 
to the posterior region of the medial cyst wall. The axons of this receptor type 
appear localized in the most lateral bundle of the statocyst nerve. The small 
lateral bundle is more discrete in some preparations than in others and turns 
medially near the posterior statocyst region to join the medial cyst wall. It is 
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from the posterior region of the medial wall that the medial thread-hairs 
originate, and it appears that these hairs are innervated by the axons mediating 


_ the burst-depression response of the acceleration receptors. The persistence of 


the movement response in some preparations lacking a statolith implies that 
it may originate from hairs not in contact with the statolith. In the few in- 
stances in which statolith removal was followed by loss of the acceleration 
response the cause may have been: (1) injury to the delicate free-floating 
thread-hairs due to the relatively strong currents created in washing out the 
statolith; (2) the fluid level fell below the thread-hairs. These hairs are located 
high on the medial wall near the roof of the cyst. The opening made in the 
dorsal cyst wall may have allowed the fluid level to drop just enough to fall 
below the thread-hairs and cause their flattening against the medial wall. This 
would abolish all response and could have occurred unnoticed as the medial 
hairs were not observed directly in all experiments. 


DISCUSSION 

Position reception and peripheral integration. Since the classic iron-filing 
experiments of Kreidl (1893), the statocyst has been considered as an organ 
essentially concerned with signalling persistent deviations from the normal 
spatial orientation. The response patterns of two kinds of receptors, the type I 
and type II position. receptors, appear to fulfil the requirements of static 
position receptors. | 

It is significant that these units’ appear slightly sensitive to stimuli other 
than absolute position, namely direction and velocity of rotation. In the 
type I position receptor a given frequency is reached earlier during a faster 
rotation than during a slower one. Slight adaptation does occur with main- 
tained position and it may be that during faster rotations the shorter time 
lapse from one point to the next allows less adaptation, thereby resulting in| 
a higher initial frequency for any given position. The sensitivity of a single 
type I position receptor to more than one kind of stimulus can be considered as 
peripheral integration in the sense that multiple facets of environmental change 
are simultaneously resolved into a single output signal. This receptor type 
can therefore be considered as imperfect in that identical signals may reflect 
different environmental situations. | 

The dual sensibility of the type II position receptor appears to be of a 
different nature. Two stimulus parameters are dealt with by one receptor but 
the receptor output consists in different signals for each parameter rather than 
a single integrated composite output. Two different stimuli, (1) displacement- 
direction, and (2) absolute position, elicit distinct signals from a single receptor. 
Thus in Fig. 9 an adapted frequency of 18 per sec reached from 0 may indicate 
not only an absolute position, but also the direction from which the position 
was approached. This implies that central interpretation of an instantaneous 


> 
a 
* 
4 
A 


28 MELVIN J. COHEN 


frequency may be dependent upon-the recent history of the unit involved, 
i.e. that the response pattern is important. 

_ A response pattern similar to that of the type II position receptor has been 
demonstrated by Boyd & Roberts (1953) in certain slowly adapting stretch 
receptors in the knee-joint of the cat. Moving the tibia in one direction causes 
a rise in the spontaneous frequency level followed by slow adaptation to the 
frequency characteristic of the new maintained position. Opposite movement 
causes an abrupt frequency drop to 0 followed by a gradual ‘upward’ adapta- 
tion to the frequency specific for the final position. The occurrence of identical 
response patterns in animals so widely separated phylogenetically lends 
credence to the idea that this type of input into the central nervous system 
may serve to indicate the direction from which an absolute stimulus level is 
approached in a variety of different receptors. 

Movement reception. The receptors apparently responsible for the classical 
static responses are inherently capable of responding to dynamic stimuli. 
Additional sensibility to dynamic environmental changes is provided by the 
acceleration receptors. The response consists of a definite sequential modifica- 
tion of spontaneous activity, indicating again the importance of impulse 
pattern. It appears that the same unit responds to movement about all three 
major body axes. Thus one unit gives a burst-depression sequence when moved 
rostrum-down, side-down, or horizontally with the statocyst trailing; a 
depression-burst sequence occurs with the reciprocal movements. Opposite 
movements about the same axis are adequately differentiated, but the same 
signal is given for specific movements about each of three different axes. Taken 
alone, the response of this receptor type would be ambiguous; however, when 
in context with signals from position receptors, such a response pattern appears 
part of an accurate composite input capable of signalling the direction and rate 
with which a specific position is approached. 

Rotation about the transverse and the long axes involves a relative change 
in the direction of the gravitational field, and it may be supposed that the 
acceleration receptors are responding to this change and not to the forces pro- 
duced by angular acceleration. However, the same response occurs during 
horizontal rotation about the dorso-ventral axis where no alteration in the 
relative direction of the gravitational field occurs. When constant velocity is 
achieved following acceleration, the activity returns to the resting spontaneous 
level within 0-5 sec, indicating further that the force resulting from angular 
acceleration and deceleration is the effective stimulus for this receptor 
type. 
The question of ‘hearing’ in Crustacea. Receptors are present which respond 
only to vibration conducted through the solid substrate. Stimuli of the 
intensity used in experimental excitation of the vibration receptors may be 
normally experienced in a bottom-dwelling animal such as the lobster. 
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Pumphrey (1950) states that an animal hears when it behaves as though it has 
located a moving object (a sound source) not in contact with it, and offers, as 
an example of hearing, a scorpion detecting a moving object by vibration con- 
ducted through the substrate. If this broad and admittedly objective defini- 
tion of hearing is accepted, then the response of statocyst vibration receptors 
to substrate conducted vibration may be considered as hearing. The statocyst, 
however, does not function as an auditory organ in the more commonly 
accepted usage of the term, i.e. it does not respond to pressure waves con- 
ducted through air or water. 

The role of ‘spontaneous’ activity. All statocyst receptor types are character- 


- istically active in the absence of a change in stimulus. Such activity may be 


called ‘spontaneous’; however, it should be clearly understood that the term 
refers to activity without stimulus change, rather than activity in the absence 
of stimulation. In receptors responding to a fixed position in space, the 
stimulus provided by the relative direction of the gravitational field is constant, 
and under this condition ‘spontaneous’ can be considered synonymous with 
‘non-adapting’. 

In type II position receptors and acceleration receptors, spontaneous 


activity appears particularly important as the total response pattern consists. 


of both frequency increase and decrease with respect to the spontaneous level. 
Thus the existence of a resting discharge doubles the response range of these 
receptor types, provided that a frequency-decrease can serve as an adequate 
signal. 

The recent work of Schéne (1951, 1952) on the statocysts of shrimps 
strongly supports the view that a decrease of spontaneous activity from 
statocyst receptors is utilized in regulating behavioural responses. Using as 
indicators the compensatory eye and limb responses similar to those described 
by Kiihn (1914), Schéne studied the effect of the direction of statocyst hair 
displacement. By varying the direction of a water stream injected into the 
cyst lumen, he was able either to move the hairs upward toward the vertical 
or to flatten them medially and downward toward the cyst floor. Movement 
of hairs toward the vertical in a single statocyst caused responses similar to 
those which would occur if that statocyst were in a side-down position; 
opposite displacement of the same hairs toward the cyst floor caused the 
reciprocal compensatory responses. Thus the same receptors elicit different 
behavioural responses depending upon the direction of the hair movement. 
It is very likely that movement of the shrimp statocyst hair toward the cyst 
floor causes a depression of spontaneous activity as in the lobster and that this 
peripheral depression is important in the central organization of reflex 
patterns, 

Considered in terms of proportional deviation from a resting level, the 
magnitude of the frequency-decrease in many instances exceeds the increased 
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frequency aspect of the response (see Figs. 9 and 11). Furthermore, the thres- 
hold appears to be lower for the depression of acceleration receptor activity 
during the beginning of rostrum-up, side-up and ipsilateral horizontal rotations 
than for the frequency increase observed at the start of the reciprocal move- 
ments. Therefore, in this receptor type the depression component may be the 
most important part of the total response pattern. 

In many animals, at least a transient effect and usually a long-lasting 


disturbance in spatial orientation follows unilateral statocyst ablation. This © 


has been considered as evidence that a continual nervous discharge emanates 
from each statocyst and plays a role in the maintenance of body tone. Bethe 
(1897) and Fréhlich (1904) demonstrated in several different Crustacea that 
a severe general muscular weakness accompanies statocyst removal. The 
spontaneous discharge so typical of many statocyst receptors may be the 
means by which the statocyst influences muscle tone. 

Anatomical and physiological relationships. In the statocyst receptor, the 
asymmetric coupling of the sensory terminal to one region of the hair wall 
(Hensen, 1863; Kinzig, 1919) may be responsible for certain of the dif- 
ferential responses obtained to different directions of hair displacement. 


Movement in one direction may stretch the terminal membrane, thereby — 


altering such properties as thickness and permeability. This may produce a 
rise in discharge frequency while the opposite displacement may passively 
relax the membrane, resulting in a frequency decrease. Spontaneous activity 
could result from a non-adapting terminal being maintained at an intermediate 
tension similar to the “gewisse Spannung’ postulated by Huizinga (1932) for 
the neuromast cells of the semicircular canals. It is just this type of membrane 
alteration that Katz (1950a, b) postulates as a mechanism for pogeiating 
frequency in the afferent neurones of the muscle spindle. 

Certain properties of the entire organ serve to extend the perceptive range 
beyond that of the combined activity which would result from one unit of each 
receptor type. One might ask the functional significance of 400 to 500 hairs 
when only four different kinds of receptors are present. The answer seems to 
lie in the broad response spectrum which accompanies such large numbers of 
receptors. The sensitive range of the position receptors may differ from one 
unit to the next in such a way that some overlap occurs at the extremes, but 
the region of peak response is separate. The response curve of a single unit has 
positions on either side of the maximum where the same frequency is reached 
(see Fig. 7) and a single receptor cannot differentiate between these two points. 
However, the combined response of several receptors having different over- 
lapping sensitive ranges would adequately resolve such a situation. 

The coupling of the statolith to the receptors is judged to be of great 
importance. In Homarus the receptor is fastened flexibly to the cyst floor in 
such a manner that only slight movement occurs. The relationship between the 
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statolith and a given receptor is relatively constant for any particular stimulus. 
This allows for precision of response in regard to interpreting a signal from a 
particular receptor. This situation can be contrasted with that existing in 
Panulirus (Cohen et al. 1953) where the statolith is more free to move within 
the cyst. In this case the relationship between the statolith and any given 
receptor is not constant and the signal resulting from a particular environ- 
mental change varies from one trial to the next, depending upon where the 
lith comes to rest. The sensitivity is available but precision of response is 
lacking in such a system. It is curious that this situation of apparent ambi- 
guity in peripheral signals exists in a species which, superficially, is at a level of 
behavioural complexity similar to that of Homarus. Possibly in Panulirus the 
_ eyes will prove to be of greater importance in equilibration than the statocyst. 

Comparative aspects of afferent signals. There is a striking functional similarity 
between the invertebrate statocyst and the non-acoustic vertebrate labyrinth. 
Spontaneous activity is the substrate upon which both organs build their 
response patterns. The functional similarity of statocyst type I position 
receptors and position receptors of the elasmobranch labyrinth (Lowenstein 
& Roberts, 1950) is such that both show even the same slight sensitivity to 
displacement direction during slow constant-velocity rotations. A single 
labyrinth position receptor may respond to absolute positions about both the 
transverse and the long axes, unlike single position receptors of the statocyst 
which respond to deviations about one axis only. The displacement threshold 
for labyrinth position receptors is not stated by Lowenstein & Roberts (1950), 
but their data indicate that it is probably much greater than the 6-9° threshold 
of statocyst type I position receptors. From the viewpoint of ambiguity in 
the receptor signal as well as sensitivity, it appears that position receptors of 
the lobster statocyst are superior to those of the labyrinth. 

No counterpart to the type II position receptor has been demonstrated in 
the labyrinth. However, a response pattern similar to that of the type II 
position receptor may arise from the combined responses of two different 
labyrinthine receptor types. Receptors of the semicircular canals appear 
capable of signalling the direction of angular displacement. The combined 
response of this receptor type and that of the absolute position receptor can 
signal movement, the direction of that movement, and the absolute position 
reached after stopping. All of this information is available in differentiated 
form from a single statocyst type II position receptor. This is an excellent 
example of the general thesis stated by Wiersma (1952), namely that although 
arthropods have fewer neurones than vertebrates this lack is at least partially 
compensated for by the greater number of tasks performed by a single 
arthropod neurone. 

The general response pattern of semicircular canal and statocyst accelera- 
tion receptors is almost identical. The time necessary for the return to the 
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spontaneous resting frequency, following strong stimulation, is 17 sec in the 


labyrinth while it is approximately 0-5-1 sec in the statocyst acceleration 
_ receptors. It will be recalled that the statocyst acceleration response is thought 
to arise from the unloaded medial thread-hairs. These hairs have a small mass 
and, combined with the buoyancy of the fluid and the intrinsic hair elasticity, 
form a system with relatively little inertia or viscous resistance. The long time- 
constant of the semicircular canals is probably due to the small diameter of the 
ducts and the resulting viscous resistance to the displacement of endolymph by 
the cupula. The vertical canals show a slight sensitivity to horizontal rotation, 
but the horizontal canals respond only to angular movement in their plane 
(Lowenstein & Sand, 19406). This differs from the response range of the stato- 
cyst acceleration receptors in which a single unit appears equally sensitive to 
displacement about all three major body axes. The semicircular canal receptors 


therefore appear capable of more accurately signalling the plane of angular ) 


displacement than analogous statocyst receptors. 

The comparative study of equilibrium receptors clearly illustrates a signi- 
ficant physiological principle recently stressed by Bullock (1953): similar 
environmental problems are often solved in the same functional manner by 
widely divergent animals. Throughout the animal kingdom actively mobile 
animals differing greatly in phylogeny have independently evolved a similar 
means of signalling orientation within the gravitational field. The common 
functional solution is arrived at by using fundamentally different anatomical 
accessories. The lobster and the ray both have receptors capable of detecting 
rate and direction of angular displacement; but the significant point is that in 


animals widely separated in evolution this information is presented to the — 


central nervous system in a similar ‘language’. The similarities are not super- 
ficial; they extend from the broad plane of identical response patterns to 
minute details of threshold. Convergent evolution has occurred in this instance 
with respect to the coding of afferent messages. 

Caution is advisable in generalizing about the invertebrate statocyst because 
the structure varies so extensively among different groups (Plate, 1924; 
Kolmer, 1926). Nevertheless, based on the properties of the crustacean 
statocyst, one is tempted to speculate on the possibility that physiological 


receptor types in the first animal sense organ, the coelenterate statocyst, may — 


parallel to a large extent those of the vertebrate labyrinth. Thus in certain 
receptor systems little functional evolution is apparent from the standpoint 
of peripheral coding of environmental changes. The greater precision with which 
environmental changes are interpreted in more highly evolved animals may be 
due primarily to an increasing complexity in the central integration of afferent 
impulses. 
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SUMMARY 
1. The statocyst receptors of the lobster Homarus americanus were analysed 


by recording action potentials from the primary afferent neurones. Four 


receptor types were observed. 

2. One kind of receptor, termed the type I position receptor, shows a shatac- 
teristic non-adapting discharge frequency for each maintained position within 
a certain range about the transverse axis. Such a receptor can serve to detect 
absolute position. The maximum response frequently occurs between 45 and 
90° rostrum-up and falls to the minimum level within 90° on either side of the 


most active position. 


3. The type IT position receptor is capable of signalling absolute position in 
a manner similar to that described above. There is, in addition, a well- 
differentiated dynamic response consisting in a gradual frequency increase 
during movement toward the region of maximum static response, and an 


_ abrupt frequency decrease with movement away from this region. This 


response pattern seems capable of signalling not only absolute position, but 
also the direction from which a given position is approached. 

4, A third statocyst receptor type, termed the acceleration receptor, responds 
to angular displacement about any axis but is insensitive to maintained 
position. The receptors are spontaneously active at rest and the response con- 


sists of a burst at the onset of rostrum-down, side-down, or contralateral 


horizontal rotation; followed by a depression at the termination of these 
movements. The opposite movements result in a reversed response sequence. 
Impulse traffic returns to the spontaneous level within 1 sec after stopping. 

5. Other receptors, termed vibration receptors, respond only to vibration 
conducted through the solid substrate. Water- or air-borne vibrations are 


_ ineffective, as are position or movement stimuli. 


6. Statolith removal abolishes all position response but does not affect the 
acceleration or vibration receptors. 

7. Draining the cyst from which the statolith has been removed greatly 
reduces spontaneous activity and abolishes all responses but those to vibration. 
It is concluded that movement of the hairs toward the cyst floor reduces the 
frequency in the associated afferent neurone while hair displacement toward 
the vertical results in a frequency increase. 

8. The sensitivity as well as the receptor types of the invertebrate statocyst 
and the vertebrate labyrinth are remarkably similar in spite of fundamental 
morphological differences. The statocyst employs primary sensory neurones, 
while the labyrinth utilizes non-nervous neuromast cells and presumably an 
associated microphonic response to stimulate the nerve endings. 

9. In certain receptor systems it appears that little functional evolution has 


occurred from the standpoint of the peripheral coding of environmental changes. 
3 PHYSIO. CXXX 


7 
4 
a 


4 
¥ 
f 
we 


34 | MELVIN J. COHEN 


This work was submitted in partial satisfaction of the requirements for the degree of Ph.D. in | 


Zoology, University of California at Los Angeles, 1954. 

I am particularly indebted to Dr Theodore H. Bullock for the generous aid offered in the planning 
and execution of these experiments. My thanks are offered for the advice given by Dr 8. Kuffler. 
Figs. 1 and 2 were drawn by Mr J. Takeshita. The aid of Mr A. Klain in the construction of 
apparatus is appreciated. The work was supported in part by a grant to Dr T. H. Bullock from the 
U.S. National Institutes of Health and by a University of California Graduate Fellowghip. 


REFERENCES 
Bertue, A. (1897). Das Nervensystem von Carcinus maenas. Arch. mikr. Anat. 50, 460-546. 


Boyp, I. A. & Roperts, T. D. M. (1953). Proprioceptive discharges from stretch-receptors in the _ 


knee-joint of the cat. J. Physiol. 122, 38-58. | 
BupDENBROCK, W, VON (1952). Vergleichende Physiologie, vol. 1, pp. 269-330. Basel: Birkhauser. 
- Buixocg, T. H. (1953). Comparative aspects of some biological transducers. Fed. Proc.12, 666-672. 


Crark, J. P. —_ On the relation of the otocysts to equilibrium phenomena in Gelasimus 
pugilator and Platyonichus ocellatus. J. Physiol. 19, 327-343. 


Counen, M. J., Y, & Buttock, T. H. (1953). Oscillographic analysis of equilibrium 
receptors in Crustacea. Experientia, 9, 434-435. 

Farre, A. (1843). On the organ of hearing in Crustacea. Phil. Trans. 133, 233-242. 

Fraznxet, G. 8. & Gunn, D. L. (1940). The Orientation of Animals. Oxford: Clarendon Press. 


Fréuuicn, A. (1904). Studien tiber Statocysten. II: Versuche an Krebsen. Pfliig. Arch. ges. 
Physiol. 103, 149-168. 


Hensen, B. (1863),. Studien tiber das Gehérorgan der Decapoden. Z. wiss. Zool. 13, 319-412. 

Hurztnea, E. (1932). Uber die Funktion des Bogengangapparates bei der Taube. Pfliig. Arch. 
ges. Physiol, 231, 525-542. | 

Katz, B. (1950a). Action potentials from a sensory nerve ending. J. Physiol. 111, 248-260. 

_ Karz, B. (19506). Depolarization of sensory terminals and the initiation of impulses in the muscle 

spindle. J. Physiol. 111, 261-282. 


H. (1919). Untersuch itiber den Statocysten einiger dekapoder Crustaceen. 
Verh. naturh.-med, Ver. Heidelb., N.F., 14, 1 


Kotmer, W. (1926). Statoreceptoren. Bau pat Organe. In Handb. norm. pathol. 
Physiol. 11, 767-790, ed. Berus, A., et al. Berlin: Springer. 


een A. (1893). Weitere Beitrige zur Physiologie des Ohrlabyrinthes. Versuche an Krebsen. 


B. Akad, Wiss. Wien, 102, 149-174. 
ine A. agp ft Die reflektorische Erhaltung des Gleichgewichtes bei Krebsen. Vehr. disch. zool. 
277. 


Lane, D. & Yonae, C. M. (1935). The function of the tegmental glands in the statocyst of Homarus 


. J. Mar, biol. Ass. U.K. 20, 333-339. 


Lowaxaram, 0. . (1936). The equilibrium function of the vertebrate labyrinth. Biol. Rev. 11, 


LowEnsTEIN, O. (1950). Econ: and equilibrium. In Symp. Soc. exp, Biol. 4, 60-82. Cam- 
bridge University Press 


LowEnsTEtn, O. & hnaiane. T. D. M. (1950). The equilibrium function of the otolith organ of the 
thornback ray (Raja clavata). J. Physiol. 110, 392-415. 


LoweEnstzIn, O. & Sanp, A. (1940a). The mechanism of the semicircular canal. A study. of the 


oe of single-fibre preparations to angular accelerations and to rotation at constant 
speed. Proc. Roy. Soc. B, 129, 256-275. 


LowEnsTEIn, O. & Sanp, A, (19406). The individual and integrated activity of the semicircular 
canals of the elasmobranch labyrinth. J. Physiol. 99, 89-101. 

-Prate, L. (1924). Allgemeine Zoologie und Abstammungsehen. Zweiter Teil. Jena: Gustaf Fiacher. 

Prentiss, C. W. (1901). The otocyst of decapod Crustacea, Bull. Mus. comp. Zool. 36, 167-251. 

Pumpurey, R. J. (1950). Hearing. In Symp. Soc. exp. Biol. 4, 3-18, Cambridge University Press. 


— be ee Die Arbeitsweise der Statocyste von Astacus fluviatilis, Naturwissenschaften, 
57-1 


Scuéne, H. (1952). Zur Funktion der Dekapodenstatocyste. Verh. dtsch. zool. Ges. 17, 89-96. 
Wiersma, C. A.G, (1952). Neuronsof arthropods. In Cold Spr. Harb. Symp. quant. Biol. 17, 155-163. 


4 
ae 
q 
§ 
4 
a 
ig 
4 
4 
4 


J. Physiol. (1955) 130, 35-44 


THE COLOUR OF LIGHT OF VERY LONG WAVELENGTH 
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In January 1954 it was noticed by chance, in the course of another investiga- 
tion, that to all but one of about twenty subjects with normal colour vision, 
light of wavelength over 0-80 appeared slightly more orange than light of 
wavelength 0°69 when the luminances were equalized, and that a mono- 
chromatic light of shorter wavelength, between 0-64 and 0-67, could be 
found which on adjusting the luminances matched the light of long wavelength 
perfectly. 

This observation implies, if there are two mechanisms responsible for colour 
discrimination in the dichromatic yellow-orange-red range of the spectrum, 
that that mechanism which has the steeper curve of log. sensitivity against 
wavelength for wavelengths less than about 0-69, (i.e. the ‘green-receptive’ 
mechanism), has the less steep curve for wavelengths greater than about 0-69. 
This agrées with the theoretical prediction of Lewis (1955), which was made 
independently of the present observation and almost simultaneously with it. 

In the present paper quantitative data on the colour of light of very long 
wavelength are presented, and from them, an estimate is made of the difference 
in gradient between the log. sensitivity curves of the ‘red’ and ‘green’ mecha- 
nisms in the extreme red, assuming Pitt’s (1944) positions of the ‘fundamental 
stimuli’. 

METHODS 
The apparatus used and the appearance of the test fields are shown in Fig. 1. The lenses L, and L, 
formed coincident images of the ribbon filaments of the lamps S, and S, on the exit stop H,, which 
was of diameter 9 mm, so that when the observer's eye was correctly centred it did not form an 
effective exit pupil. The images of both filaments were larger than H,. M was a very dense neutral 
filter acting as a plane mirror, P, a fixed polaroid, P, a movable polaroid used to control the 
brightness of the 8, field, and F, to F, filters. 

The waveband of the S, field was always controlled by a combination of the three or four filters, 
including F’, which it shared with the S, field. This was necessary in order to be certain that light 
from the middle of the visible spectrum was adequately removed ; for example, for the transmission 
of a filter combination at 0-55 to be negligible in comparison with that at 0-904 it must be 
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about 10" times smaller. It is very difficult to measure so small transmission in a single filter, 
but in the combinations of three or four used in these experiments, it was possible by measuring 
the densities of all the components separately, using a Beckman spectrophotometer for densities 
less than 2 and a visual method for higher densities, and adding them, to prove that the trans- 
_ mission of each combination was low enough to be neglected for all wavelengths less than 0-66 p. 
Table 1 describes all the filter-combinations used in the S, pathway, the filters named ‘I.F. 715’, 
“LF. 752’ and ‘LF. 792’ being interference filters, the others dyed gelatin filters, referred to by 
their catalogue number (Ilford Ltd.). Fig. 2 shows the product of the emission of a Planckian 
radiator at 2600° K (the colour temperature of the lamps S, and S8,) the spectral sensitivity of 
the eye (Goodeve, 1936), and the transmission, determined with a Beckman spectrophotometer, of 
each of the filter-combinations described in Table 1, the curves for all filter-combinations being 
brought to the same maximum. The ‘equivalent wavelength’ given for each filter-combination 
in Table 1 is the ordinate which bisects the area of the corresponding curve in Fig. 2. 


| 
2° 3°20 
6°10 
Fy 
F, 
5, 2 
oN 
if H. 


Fig. 1. Diagram of apparatus and appearance of test fields. H, to H,, stops; F, to F,, 
colour filters; P,, movable polaroid, P,, fixed polaroid; M, plane mirror. 


~The waveband of the S, field was controlled by an interference filter at F,, which could be 
rotated about a vertical axis, thereby varying the visual peak of the waveband which it 
transmitted. Light of wavelengths substantially shorter than the main transmission band was 
adequately excluded by the dyed gelatin filter F, (Ilford no. 205). F, consisted of two or three 
neutral filters, forming a coarse control of brightness. F', was used in the experiments only at six set 
angles to the incident light. The ‘equivalent wavelength’ of the light transmitted for each of these 
settings was estimated as the wavelength of the centre of the band seen on examining the light wit) 
a direct-vision spectroscope behind H,. Though this gives a slightly biased estimate of the chroma- 
ticity of the light, it was considered that the error due to this, in a part of the spectrum where the 
chromaticity changes only slowly with wavelength, and for an interference filter whose band 
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width (at half peak transmission) was only 12 my, was small compared with the other errors of the 


experiment. 

Selection of subjects. About fifty subjects were tested qualitatively to see whether they could 
distinguish at all between lights of different wavelengths exceeding 0-691 4. They were first shown 
the Ishihara (9th edition) pseudo-isoch tic plates, and accepted only if they made normal 
responses. They were not otherwise pre-selected. Of these fifty, two could not distinguish at all 
between any lights of wavelengths exceeding 0-691 . All the others discriminated, either invariably 
or on the great majority of trials, in the direction here described, i.e. the light of longer wavelength 
appeared more orange, but some made the discriminations with very little confidence. 


TaBLE 1. Composition of the ‘far’ red filters used 


Equivalent Abbreviation 
Filter-combination wavelength (,) used in text 
LF. 715 +609 + 205 0-711 R. 711 
LF. 752 + 806 + 807 + 205 0-749 R. 749 
L.F..792 +806 + 807 + 205 0-786» R. 786 
603 + 604 + 205 + 205 0-850 R, 850 
603 + 606 + 205 0-887 R, 887 
10 
: R. 887 
06-— 
— 
| 
1 1 
065 0-70 0-75 0-80 0-85 090 095 10 


Wavelength 


- Fig. 2. Product of the emission of a Planckian radiator at 2600° K, the spectral sensitivity of the 


eye, and the transmission of each of the filter-combinations described in Table 1, as a fraction 
of the maximum value, A 


The eight subjects used in the quantitative experiment were selected, being those of the first 
fourteen qualitatively tested who made the discriminations most confidently and consistently. It 
is possible that they are unrepresentative in that the present phenomenon was larger in them than 
in the six who were rejected as subjects; but the author’s impression, from the pattern of responses, 


_ is that they merely had smaller discrimination steps, and that the same mean isochromes would be 


obtained with ‘bad’ as with ‘good’ subjects if very many independent observations were averaged 
for each subject. 

RESULTS 
Each of the eight subjects used in the main experiment was shown pairs of 
3° 20’ fields, without being told anything in advance about them except that 
both would be red, and that they might differ in the sense that one was more 
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orange, and the other redder. He was asked to give for each pair of fields, 
having adjusted them to be equal in brightness by rotating the polaroid P,, one 
of the five answers: ‘left certainly redder’ (represented by +2), ‘left probably 


TaBLzE 2, Responses of subject C.G. 


Equivalent wave- 

length of 8, path R. 711 R. 749 R. 786 R. 850 R. 887 
0-6385 — +2, +1 -l, 
0°6425 0, +2 0, 
0-6495 — — +2, +1 -l, +1 
0-659 +2 +2 +2 0, -1 0, -1 
0-670 +2 +1 +1 -l, 0 -l, -2 
0-691 0 -2, -2 -2, -2 


0-7173 07212 0-7258 0-7298 07320 0.7345 

(0-6385p) (06495y) (0-659) (0670p) (069) 
C.I.E. coefficient x 


Fig. 3. Mean responses of all eight subjects. 


redder’ (+1), ‘same’ (0), ‘right probably redder’ (—1) or ‘right certainly 
redder’ (—2). Since no other responses were asked for, the response ‘same’ 
implied only ‘same in respect of the red-versus-orange distinction’, but 
subjects who said that the two fields looked the same in this respect were 
always then asked if they differed in any other respect, and in nearly every case 
replied that they could see no difference at all. On the few occasions when a 
difference of some other kind was suggested, it was not confirmed when the 
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same fields were later shown to the same subject, and may have been due to 
inaccurate matching in brightness. 

The responses of subject C.G., who made the most complete series of obser- 
vations, are shown in Table 2, and the mean responses of all eight subjects are 
plotted in Fig. 3. The number of observations for each point was eight for 
R. 711, R. 749 and R. 786, eleven for R. 850 (three subjects having done 
duplicate series) and six for R. 887 (one subject having done a duplicate series 
and three made no observations). It will be seen that for each ‘far’ red filter 
there was at least one ‘near’ red against which it was judged to be redder, at 
least one against which it was judged to be less red, and intermediate ones 
with which it might be confused. | 


Additional control for the possibility that the orangeness of the ‘far red’ fields 
might be due to the presence in them of stray light of wavelengths 
less than 0°65 

The primary test for this was outlined under ‘Methods’. It was completely 
satisfactory, but the reasoning is complex and much space would be required 
to set it out in sufficient detail for critical evaluation. The following simple 
supplementary test suffices, without need to consider the primary one in detail: 

R. 786 and R. 850 were compared in turn with wavelength 0-691. In each 
case the ‘far’ red appeared, to five subjects, slightly the more orange. Two 
Ilford ‘spectrum deep red’ (no. 609) filters were then added at the exit stop 
H,. Each of these has a density exceeding 2 for wavelengths between 0-60 
and 0-65, and exceeding 4 for all wavelengths less than 0-60. Hence all 
stray light of wavelength less than 0-65, must be attenuated at least 10* times, 
and any of wavelength less than 0-60, at least 10° times. With the two filters 
added, all the subjects found that when the brightnesses were readjusted the 
colour differences were still present, and not obviously changed in magnitude. 
If the small difference seen without the supplementary filters had been due to 
stray light, it would certainly have been abolished by attenuating this more 
than 10 times. 

Control for bias between left and right 

A few experiments were done in which the long wavelength was presented 
on the right and short on the left. These gave similar results to the main series 
in which the reverse arrangement was used. 


Control for polarization, and for bias between fields of fixed and of 
variable brightness 
The fields in the main experiment differed not only in wavelength but in that 
that of shorter wavelength was plane-polarized with the electric vector vertical 
and was variable in brightness, and that of longer wavelength was unpolarized 
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and fixed in brightness. Experiments in which the wavelengths were made the 
same on both sides did not indicate that these factors introduce spi consistent 
bias in judgement of colour. 


State of dark adaptation of the subjects 

All those subjects who could detect a colour difference between R. 850 and 
wavelength 0-691, saw it within a minute or so of coming to the apparatus 
from a comfortably lit room. Five subjects were tested also after 45 min 
adaptation to complete darkness. The colour difference was still visible and not 
conspicuously more or less marked. It could be seen by four of the subjects 
whether they looked at the boundary between the fields or at a fixation point 
7° above them. The fifth subject could see a difference if she looked at the fields, 
but no difference in the 7° periphery. An attempt was made to verify Griffin, 
Hubbard & Wald’s (1947) observation (in the introduction and summary of 
their paper, but not in the main text) that to the dark-adapted eye, light of 
very long wavelength appears colourless at threshold. For all the five subjects 
tested, and for filters R. 850, R. 887, and a filter (Ilford 603 + 606 + 606 + 205) 
of equivalent wavelength 0-905, this was found not to be true for a 3° 20’ 
field in the 7° periphery: all the ‘far’ red lights appeared orange or red at 
threshold. On deviating the eye further, by an amount varying from subject 
to subject between 20 and 35°, they became colourless; but the same deviation 
caused wavelength 0-691, also to appear colourless. 


Luihineate of the test fields 


The apparatus was designed to give the brightest possible fields of long wave- 
length. Only at or near the maximum attainable luminance were the differences 
in colour detectable; this is probably the reason why they have not previously 
been reported, for such high retinal illuminations at very long wavelength are 
not easily obtained with monochromators. It seems to the author probable that 
the phenomena here described, like most colour-matching properties of the eye 
for a 2° or smaller field and some of those for a larger, are nearly independent 
of luminance. Unfortunately for R. 786 and longer wavelengths this could not 
be tested with a hot filament as a source (though it might be possible with a 
gas-discharge tube). It was tested for R. 749 at three levels of luminance. At 
200 mL (millilamberts) four of five subjects said that R. 749 was more orange 
than wavelength 0-691. At 20 mL, three of the five saw the same difference. 
The others could not distinguish the colours. At 2 mL no subject could 
distinguish them. 

The luminance of the test fields with the siainal apparatus was not measured. 
Duplicate apparatus, using the same filters and similar lamps and lenses, on 
which a few confirmatory and control experiments were done, was constructed 
later. With this, the luminances, measured by direct heterochromatic 
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photometry with a calibrated 8.E.1. photometer, were 200 mL for R. 749, 8-9 mL 
for R. 786, 0-10 mL for R. 850, and 0-021 mL for R. 887. The values for the 


original and duplicate apparatus probably differed by no more than the errors 
of measurement.on the duplicate, i.e. roughly + 20%. 


Effect of using smaller fields 
With the original or duplicate apparatus described above, the difference i in 


hue between R. 786 or R. 850 and light of wavelength 0-691, could still easily 


be seen if the fields were restricted by the stop H, to a circle of 2° diameter, 
though some of the smaller differences seen with large fields could no longer be 
detected. 

A few qualitative experiments were done with a different series of observers 
using different apparatus which provided two adjacent square fields of side 1°, 
the longer waveband being produced by a monochromator and the shorter by 
an interference filter. Of eight subjects who compared foveally a waveband of 
centre 0°83 and width 0-080, (this very large band width being required to 
provide a sufficiently bright field) with wavelength 0-691, seven said that the 
longer wavelength appeared more orange than the shorter when the brightnesses 
were made equal. One subject could detect no difference. 


DISCUSSION 


From these experimental results it appears that the locus of spectral radiations 
in trichromatic co-ordinate representation comes to an end at a wavelength 
about 0-704, and then returns along itself towards the orange, so that each 
‘far’ red wavelength has a unique ‘near’ red wavelength which is of identical 
chromaticity. The point at which the curve for each ‘far’ red waveband in 
Fig. 3 crosses the axis of zero response has been taken as an estimate of its 
chromaticity and isochromatic ‘near’ red. The estimated isochromes are 
0-887 1 =0-641,., In fig. 4 these are plotted on the C.I.E. chromaticity chart. 


Saturation of the ‘far’ red lights 
There was no indication from the responses of the subjects that the ‘far’ 


red lights differed in saturation from the ‘near’ red comparison fields. The 


possibility cannot, however, be excluded that they may be either less or more 
saturated to a subthreshold degree, which might become suprathreshold if 
they could be obtained at higher luminance. If so, the locus of ‘far’ red radia- 
tions would lie either inside or outside the spectral locus as hitherto known. 
Return of the spectral locus along itself, as shown in Fig. 4, appears however 
to be the most likely as well as the simplest — consistent with the 
data, 
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Fig. 4. The locus of the spectrum in the C.LE. chromaticity diagram, with the estimated positions 


of the lights of very long wavelength. The streight line on the right s © twenty times 
magnification of the red end of the spectral locus. 


Accuracy of the estimated isochromes 
The simple statistic adopted is clearly not efficient, since points on each 


curve in Fig. 3, other than the two lying nearest on each side of zero, are made | 


to provide no quantitative information; and it does not readily allow quantita- 


tive assessment of the error. The search for an efficient statistic is not easy, — 


since the shapes of the curves of Fig. 3 are not known theoretically (they 
cannot be straight lines) and the data provide little empirical information on 
this. It Noch, however, from inspection that the estimates given for the isochro- 
matic ‘near’ red wavelengths are very unlikely to be in error by more than 
10, and that an efficient statistic ames not extract much more information 
from the data. 

The accuracy in terms of chromaticity is much lower for the longer ‘far’ red 
wavebands than the shorter, no doubt owing to their lower luminance. In 
terms of isochromatic ‘near’ red wavelength it seems to be roughly constant. 


Partucipation of rods 
The observation of Griffin et al. (1947) that the luminosity curve of the fully 
dark-adapted periphery is less steep than that of the fovea, might appear to 
provide a possible explanation of the present phenomenon, in the stimulation 
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__ of rods by the ‘far’ red light. That this is not the only factor is proved by the 

observation of a colour difference between 0-83 and 0-691 with 1° foveal 
fields. The facts that it is seen without preliminary dark-adaptation and is no 
more conspicuous after dark-adapting for an hour, that for R. 749 it can be 
seen better at 200 mL than at lower field luminance, and that no differences of 
saturation were ever noticed, provide presumptive evidence that rods are not 
concerned to any important extent. 


Sensitwity curves of the ‘red’ and ‘green’ mechanisms in the extreme red 
From the data of Fig. 3 or Fig. 4 we can calculate the difference in gradient 
in the far red between the log. sensitivity curves of the ‘red’ and ‘green’ 
mechanisms of trichromatic vision, if we assume a value for the gradient of 
one of them and positions of the ‘fundamental stimuli’. Taking Pitt’s (1944) 
positions of the ‘fundamental stimuli’, | 
R’ =1-06 R—0-06 G, 
G’ =1-38 R+2-44 G—0-06 B, 
B' =0-02 R—0-055 G+ 1-035 B, 
where R, G and B are monochromatic lights of wavelengths 0-65, 0-53 and 
0-46. in units based on matches on wavelengths 0-5825 and 0-494, we find 
from the estimated isochromes by interpolation in table III of Wright (1946, 
0-887. =0-988 +0-013 G—0-001 B 
0-786 =1-011 R —0-011 G 
=0-975 R’ +0-0253 G’; 
0-7llp=1-014 R -—0-014 G 
=0-976 R’ +0-0240 G’. 


Assuming Goodeve’s (1936) line A log,) sensitivity =17-02 AA-", for the 


‘red’? mechanism, the difference in log. sensitivity between 0-711 and 0-786u 
is for the ‘red’ mechanism 2-28 and for the ‘green’ mechanism 2-26 and 
between 0-786 and 0-887, for the ‘red’ mechanism 2-47 and for the ‘green’ 
mechanism 2:32. 


. Insignificance of the present phenomenon for colorvmetry 

The magnitude of the present phenomenon is so small and the sensitivity 
of the eye to the wavelengths concerned so low that it can certainly be 
neglected in calculating the chromaticities of all reflecting materials, and of all 
transmitting materials except very deep red filters; and even for these, it is 
only in the most favourable circumstances that the correction required is large 
enough to be detected by the eye. 
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SUMMARY 


li links of very long wavelength appears more orange to the normal trichro- 
matic eye than light of wavelength about 0-69, For each very long wavelength, 
a unique shorter wavelength can be found which matches it perfectly. 

2. From the magnitude of this effect, it is estimated that if Pitt’s estimate 
for the position of the ‘fundamental stimulus’ R’ is correct, the gradient of the 
log. sensitivity curve of the ‘green’ mechanism of trichromatic theory is about 
1 % less than that of the ‘red’ mechanism between 0-711 and 0-786, and about 
6% less between 0-786 and 0-887. 


_ [am indebted to the Director-General of Medical Services, R.A.F., for permission to publish 
this work. 
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A THEORETICAL INTERPRETATION OF SPECTRAL 
SENSITIVITY CURVES AT LONG WAVELENGTHS 


es By P. R. LEWIS 
From the Physiological Laboratory, University of Cambridge 


(Received 20 January 1955) 


It is now generally accepted that the initial stage in photoreception is the 
absorption of a single quantum of light by a molecule of some photosensitive 
compound. If the subsequent stages follow automatically, then the spectral 
sensitivity curve for any visual receptor should be related in some simple 
manner to the spectral absorption curve of the photosensitive substance 
concerned. The fact that most of the visual pigments so far extracted have 
absorption curves of the same characteristic shape (Dartnall, 1953) suggests 
the existence of some underlying physical principle which is important in 
determining the absorption of light by complex molecules of this type. This 
suggestion is strengthened by the marked similarity of the visual receptor 
curves in the far red region of the spectrum—in particular, the almost linear 
relationship between log J and 1/A (Goodeve, 1936; Stiles, 1948). An attempt 
has therefore been made to explain the shapes of the receptor curves, particu- 
larly in the far red, in terms of factors known to determine the absorption of 
light by simple molecules. 

Stiles (1948) put forward a simple explanation for the linear descent of the 
scotopic and photopic luminosity curves, which gave a suggestive measure of 
agreement with experiment. (This treatment has since been reproduced in 
a paper by Denton & Pirenne, 1954.) In the present paper this theory is 
extended by taking into account more of the factors which are known to 
affect the absorption of light by complex molecules. 


The shape of the scotopic luminosity curve 
In his theoretical treatment of this problem Stiles made the assumption, which 
is almost certainly correct, that for absorption of a quantum to occur a mini- 


mum amount of energy, E,, must be available, and that if the energy of the 


absorbed quantum, hy, is less than E, the deficit (Z, — Av) must be supplied by 
the thermal vibrational enaeRy possessed by the chromophore group in its 
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unexcited ground state. If all the chromophore groups are equally able to 
absorb light, provided they possess sufficient vibrational energy, the absorption 
coefficient should be proportional to the fraction of chromophore groups pos- 
sessing energy in excess of E,—hv. In order to calculate this fraction, Stiles 
assumed that the vibrational energy levels were very numerous, close together, 
equally spaced and populated in accordance with Boltzmann’s Law. The 
_ fraction of molecules with energy greater than H( = FE, — hy) is then given by the 
familiar expression e~*/*7, where k is Boltzmann’s constant and T is the 
absolute temperature. For a complex molecule possessing many possible 
modes of vibration, however, the fraction is much larger (Hinshelwood, 1940), 
and is given by the expression: ee 


where the number of vibrational modes is m+1; so it should be more correct to 
use this expression for the visual pigments. 


(1) 


To apply this equation to the receptor curves in the far red, is replaced by: ; 


AE,—hy, and F is replaced by al, where J is the sensitivity expressed on a 
quantum basis and « is a constant. Spectral sensitivity curves are best plotted 
as log I against 1/A (cm-*); so it is convenient to substitute 

he he 


(where c is the velocity of light) and to use Briggsian logarithms: 


log I = —log wit: +4}. (2) 


If all the assumptions made are correct, each of the receptor curves in the far 
red should satisfy this equation with appropriate values for «, A, and m 
inserted. 


F=AR,- —-hy=— 


That this equation does predict spectral sensitivity curves of the correct | 


shape is shown in Fig. 1, where the data of Crawford (1949) for the scotopic 
luminosity curve are compared with the curve calculated on the assumption 
that Aj =526-3, m=6 and log «= —0-35. But the agreement shown in Fig. | 
is not good evidence for the correctness of the theory since equation (2) con- 
tains three arbitrary constants. One of these constants, «, can be eliminated if 
the gradient, S, of the receptor curves is considered. At very long wavelengths, 
where AE, —hy is greater than mkT,, only the first term of the series in E/k7 
need be considered, The equation for the gradient then simplifies to 


dlogI_ -—hceloge  mloge 
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If, therefore, experimental values for S are plotted against Re in a straight 


| line should be obtained with an intercept of a (when A->00) and a 


kT 
slope of m log e. When Crawford's data are plotted in this way they lie close 
to the straight line predicted for m=7, 4,=500 my, as is shown in Fig. 2. 
Equation (3) is merely a convenient approximation, and the gradient calculated 
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Fig. 1. The human scotopic visibility function: experimental data of Crawford (1949) compared 
with theoretical values calculated from equation (2). @, mean values of matching results; 
©, mean values of threshold measurements (where these differ significantly from the matching 
results); +, values calculated from equation (2) with log «= — 0-35, m=6 and 1/A, = 19,000 
(Ay =526-3 my). 


from the full equation (2) begins to deviate markedly from the linear relation-— 

ship as A approaches ),; but an excellent fit with the experimental data is - 
obtained by inserting the values m=6, \)=526 my into equation (2) (Fig. 2, 
curve 2), and these values were therefore used to calculate the theoretical curve 
given in Fig. 1. It should be noted that the predictions of Stiles’s treatment are 
equivalent to those of equation (2) with m=0; thus the relationship between 


the gradient and should be as shown by the broken line in Fig. 2. 
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A comment on the true physical significance of m is necessary here. All the 
vibrational energy of the chromophore group is not available to supplement the 
energy of the absorbed photon, First, the taking up of a photon is so rapid 
that the kinetic energy of the vibrating atoms cannot change markedly—only 
the potential energy of vibration can be transferred. Secondly, the chance of 
any of the potential energy being transferred will depend upon how closely the 
vibration is associated with the chemical bonds involved in the electronic 
transition. Thus m is much smaller than the total number of vibrational modes 


0-002 


0-0005 


0-0004 0-0003 0-0002 0-0001 0 


Fig. 2. The gradient of the scotopic visibility function at long wavelengths. Experimental values 
for the gradient are calculated from the data of Crawford (1949); @ are mean values for 
twenty-five men, and © for twenty-five women obtained from matching data (nearly 
coincident values are shown as filled circles); © are mean values obtained from threshold 
data. The curves show typical theoretical relationships: curve 1 is calculated from the 
simplified equation, (3), with A, =500 my and m=7, and curve 2 from the full equation, (2), 
with A, =526-3 my (19,000 cm-') and m=6; curve 3 shows the hectic predicted by 
Stiles’s treatment. 
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in the molecule and represents rather the degree of availability of vibrational 


energy. A series of, as yet unpublished, calculations shows, however, that the 


simplifying assumptions made about the availability of vibrational energy do 


not materially affect the type of absorption curve predicted at long wavelengths. 


At sufficiently long wavelengths absorption should become temperature 
dependent. The predictions of this theory are similar to those of Stiles’s but are 
in better agreement with the measurements of St George (1952) on the tem- 
perature coefficient of bleaching of rhodospin solutions (and with some measure- 
ments by Almasy & Laemmel (1950) of the absorption spectrum of diphenyl 
vapour at 360 and 520° C). Temperature coefficients of the expected order have 
been obtained for human cone vision by de Vries (1948), and by Brindley & 
Lewis (unpublished observations) who used a wider temperature range. The 
dependence of the visual sensitivity of Xenopus on temperature (Denton & 
Pirenne, 1954) is also consistent with the theory. 


An extension to photopic vision 

This treatment is not a definitive explanation of the scotopic visibility func- 
tion. The factors considered here, though undoubtedly important, may not be 
the decisive ones in determining the shape of the sensitivity curve in the far 
red (cf. Sulzer & Wieland, 1952). Certainly other factors have to be invoked in 
any explanation of the complete scotopic curve, including the shape of the 
maximum and the descent on the blue side. Nevertheless, this theory does 
provide a surprisingly good fit with the available experimental data and could 
form the basis for further hypothesis and experiment, both physiological and 
physico-chemical. | 

It is of particular physiological interest to extend this treatment to the 
visual pigments concerned in colour vision. They are probably closely related 
to visual purple; so one might expect them to have sensitivity curves of a 
similar shape when plotted on a frequency basis, the curves differing only in the 
positions of their maxima. The data for photopic vision presented by Goodeve 
(1936) are certainly quite consistent with a curve calculated from equation (2), 
though the best fit is obtained if m is assumed to be somewhat lower than the 
value of 6 used to fit Crawford’s scotopic data in Fig. 1. The absorption spectra 
of several series of homologous polyenes have been measured. The most com- 
plete series studied (Hausser, Kuhn & Smakula, 1935) is that of the diphenyl 
polyenes: C,H, (CH=CH), —C,H,, where »=1-7 inclusive. In this series 
the values of (A,,,x.)2 are a linear function of the number of conjugated double 
bonds, the wavelength of maximum absorption increasing as ” increases 


_ (Bowen, 1943). The spectra are otherwise very similar in form, except for an 


appreciable increase in the steepness of the descent on the long wavelength 

side as the conjugated chain is lengthened. Thus, in such a series, the value of 

m must decrease as the value of A, increases. This is presumably a consequence 
4 PHYSIO. CXXX 
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of the fact that as the chain length increases the difference between the electron 
distributions in the excited and unexcited states decreases, a fact which is 
reflected in the decrease of electronic energy associated with the excitation. If, 
therefore, the visual pigments responsible for colour perception are members of 
just such a homologous series of polyenic compounds, as seems very plausible, 
one might expect that the values of m required to fit the various receptor curves 
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Fig. 3. Plot of equivalent wavelength avelength giving the same colour sensation—in the far 


red. The circles are experimental vahonn obtained by Brindley (1955) and the crosses are theo- 
retical values calculated as described in the text assuming the following constants: m,=3; 
1/(Ap)g = 16,540 cm-". mg =4; 1/(Ag)g = 17,400 


would show the same inverse relationship to Ao. This leads to an interesting pre- 
diction about changes of hue in the far red. If two visual pigments, with dif- 
ferent values of Ao, have equal gradients at some wavelength in the red their 
gradients should diverge again at still longer wavelengths, the pigment with its 
maximum further towards the red having the steeper gradient. In other words, 
if the ratio of ‘red’ to ‘green’ sensation rises with increasing wavelength to an 
apparently constant value, that value must be a maximum, and the ratio 
should begin to decrease again at sufficiently long wavelengths. This predic- 
tion has been strikingly confirmed by the observations of Brindley (1955). His 
— results are compared in Fig. 3 with values calculated from this 
cory 
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The theoretical curves were calculated on the assumption that both the red 
and green receptor curves obeyed equation (2) with suitable values of \, and m 
inserted. It was then possible to derive an equation giving the pairs of wave- 

lengths at which the ratio of red to green sensitivity should be equal in terms 
, of (Aor, (Ap)a, Mp and mg, where the subscripts refer to the red and green 
3 receptor curves respectively. This equation can be easily solved only if integral 

values of m are used. The maxima of the receptor curves are probably at about 
570 and 540 my compared with about 500 for visual purple. It seems likely 

(Figs. 1 and 2) that for visual purple m=6 (to the nearest integer); so mp =3 

and mg=4 would be reasonable values to choose if the relationship between 
49  Amax, and m were similar to that observed in the diphenyl polyenes. The values 
of Ay were assumed to be about 1000-1200 cm less than the values of A,,,,. a8 
for visual purple; and 1/(A9)g—1/(Ao)z was made equal to 860 cm- (exactly 
equivalent to 447’) since this reduced the arithmetical labour of solving the 
equations. The shape of the theoretical curve indicated in Fig. 3 is only slightly 
dependent on the precise values chosen for the four parameters; three of these 
can be arbitrary, the value for the fourth then determining the position of the 
curve relative to the wavelength axes. Any reasonable values for 1/(Aj)p and 
1/(Ag)¢ appear to give an almost equally satisfactory fit to the experimental 
points. 

Similar considerations would suggest that at sufficiently ling wavelengths 
scotopic visibility should begin to increase relative to photopic visibility. If 
the values given in the previous paragraph were exactly correct, the gradients 
would become equal at about the same wavelength as do the red and green 
receptor curves, at or just beyond 700 my. This suggestion is not inconsistent 
with some observations on peripheral vision recorded by Griffin, Hubbard & 


Wald (1947). 

SUMMARY 

3» 1, Atheory has been advanced to explain the shape of the scotopic visibility 
function in the red region of the spectrum. . 

e- 2. The theory fits the known scotopic curve at all wavelengths beyond 

if- about 560 my and predicts temperature coefficients which are consistent with 

air several sets of published data. 

its 3. When extended to photopic vision the theory predicts a change of hue 

is, | inthe extreme red. This prediction has recently received independent experi- 

an mental confirmation. 
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THE EFFECT OF LOCALIZED COOLING ON CONDUCTION 
IN CAT NERVES 
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It is an old observation that cold blocks nervous conduction aa that nerve 
fibres subserving different modalities differ in their susceptibilities. Commonly — 


it is believed that susceptibility to cold block is related to the diameter of the 


individual nerve fibre. The evidence for this belief is, however, fragmentary and 
conflicting. Comparing C fibres with A fibres, Lundberg (1952) found that the 
former were most resistant to cold block, but in Sinclair & Hinshaw’s (1951) 
experiments the fibres most resistant to cold were not C fibres but certain fibres 
of the A group. A similar divergence of results is also apparent in experiments 
to assess the differential susceptibilities of different sized fibres within the large 
(myelinated) fibre group itself. In some experiments the largest of these fibres 
have proved the most sensitive to cold block (Torrance & Whitteridge, 1947; 
Whitteridge, 1948), while in others (Lundberg, 1952; Dodt, 1953) they have 
proved least sensitive. The work reported here describes the effects of localized 
cooling on several nerves in the cat. 


METHODS 


Most experiments were made on cats under chloralose anaesthesia (80-100 mg/kg intravenously 
after ethyl chloride and ether). Some cats were anaesthetized with Nembutal (40 mg/kg intra- 
peritoneally, supplemented as necessary). 

Nerves and spinal roots prepared for study in situ were immereed i in liquid paraffin held in a 
bath formed by suitable arrangement of the skin flaps. In some experiments this paraffin bath — 
was warmed by an immersion heater. Sometimes it was saturated with 5% CO, in O,. In other 
experiments the nerve studied was dissected free of the animal and lightly stretched across silver 
electrodes in a paraffin bath saturated with 5% CO, in O,. The nerves were stimulated at one or 
more points by square pulses delivered through silver electrodes. Action potential records were 
taken through silver electrodes and displayed on a double-beam cathode-ray oscillograph. Cold 
was applied to a length of the nerve between the point of recording and the point of stimulation 
by the thermode illustrated in Fig. 1. Several interchangeable heads were used with this 
thermode to allow lengths from 2 to 20 mm to be cooled, and to accommodate nerves of different 
diameters, 
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‘Fig. 1. Diagram of the thermode, Refrigerated ethylene glycol was used as coolant. Temperature 
of the head was recorded by thermocouple. The heating coil was incorporated to permit rapid 
RESULTS 
Effect of cold on afferent fibres 


The saphenous nerve was selected first for examination fox the following 


reasons: it is an almost pure sensory nerve and any results are not confused 
by possible differences between sensory and motor fibres; it contains a wide 


range of fibres of different sizes; it is long and the action potential complexes — 


are well separated; and it splits readily into small bundles well suited to 

The propagated response that followed a maximal stimulus to the saphenous 
nerve consisted of a rapidly conducted complex, with conduction velocities of 
15-115 m/sec, and a much more slowly conducted response with conduction 
velocities of 1-2 m/sec. The former was identifiable as the A (myelinated fibre) 
complex and the latter the C (unmyelinated fibre) complex, as described by 
Gasser (1941). On cooling a 6 mm length of the saphenous nerve, failure of 
conduction was first apparent in the A complex which became progressively 
smaller and finally disappeared. At the temperature causing the A complex to 
disappear, the C complex remained. It was somewhat slowed and dispersed 
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but apparently little reduced. A considerable further iowering of temperature 
was required to block it (Fig. 2). This difference in susceptibility of the two 
groups was regularly observed in each of a number of preparations. The 
absolute values of temperature required to block the two groups varied some- 
what from one preparation to another. ) 

In all the branches of the saphenous nerve that were examined, the A com- 
plex of the conducted action potential was characterized by two prominent 
and well-separated elevations. The more rapidly conducted of these was taken 
as representing the « component and the slower the § component. Between 
these, two other minor elevations were usually discernible and were considered 


Fig. 2. The differential blocking effect of cold on A and C complexes in the saphenous nerve: 
a, c and e, A complex; b, d and f, C complex. a and b at 37° C, c and d at 12° C, e and f at 
10-5° C. 6, d and f recorded at an amplification seven times that used for a, c and e. 


to represent 8 and y elevations (Gasser, 1941). Within this A complex the 


blocking effect of cold was observed to be differential: but, in contrast to the 
differential effect observed on A and C complexes, the effect of cold was mani- 
fest first on the fibres of slower conduction rate. Thus the § component was 
appreciably diminished in several instances when the thermode temperature 


was 26°-C, and was usually abolished at about 22° C, while at the time of its 


disappearance the « component was unaffected or very nearly so (Fig. 3). 
It did not prove possible in these experiments to discern with certainty 
whether this order of sensitivity to cold block regularly obtained for the other 
components of the A complex, since the 8 and y components were relatively 
small and not readily distinguished from the « component, but in those records 
where 8 and y components were particularly well represented, the y component 
was seen to be more susceptible to cold block than the B, and the B more 
susceptible than the «. 
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_ In some experiments observations were. made on the isolated saphenous 
nerve. The results obtained on cooling a segment of this preparation did not 
differ from those obtained on the nerve in situ. 

Since A fibres are peculiarly prone to repetitive firing (Skoglund, 1943), 
experiments were next conducted to demonstrate that the elevation taken to 
represent the 6 fibres was not an artifact. The experimental results which 
follow show that the ‘5’ elevation, and the other components ‘B’ and ‘y’ 
were independently conducted action potentials and not due to repetitive 
firing of faster conducting fibres. 


Fig. 3. The differential blocking effect of cold on the components of the A complex: each of the six. 


traces shows the A complex elicited with supramaximal stimulation. The figure beside each 
trace indicates the temperature (° C) of the thermode at which the record was obtained. Time 
scale, 0-9 msec intervals. 


(a) Stimulation of the nerve at two different points showed that the 
separation of the several elevations varied directly with the distance between 
the stimulating points (Fig. 4). Calculation then showed that the ‘8’ elevation 
was conducted at about 25 m/sec; that is to say, at a rate eee four 
times slower than the «. 

(6) The « elevation of a second volley, initiated at suitable interval, summed 
completely with the 5 elevation of a preceding volley (Fig. 5). 

(c) When a stimulus strong enough to initiate a maximal « elevation alone 
was applied before a maximal stimulus at such a time that it caused the « 


elevation of the maximal stimulus to fall within its absolute refractory period, | 


then it was found that the « elevation of the second stimulus was abolished, 
but that the 5 elevation remained unchanged (Fig. 6). 
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The length of nerve cooled as a factor influencing nerve block. It is known that 
propagation of nerve impulses in myelinated fibres is not a continuous process 
but is effected at each node by the summing of electrical currents induced by 
the depolarization of the several antecedent nodes. Furthermore, it has been 


0-9 msec | 
Fig. 4. Fig. 5. 
Fig. 4. The saphenous nerve A complex recorded 42 mm (upper record) and 92 mm (lower record) 
from the point of stimulation. | 
Fig. 5. Summation of the § component of one A complex with the « component of a subsequent 
complex. (a) Two A complexes set up by stimulation of the saphenous nerve at two points; 
(b) the effect of shortening the interval between the two stimuli; (c) the effect of further 
shortening of the stimulus interval, showing summation of first § with second «. Time, msec. 
Fig. 6. The effect of evoking a maximal « response (a) at diminishing intervals (records 1-4) before 
a maximal A complex (6). The « component of the latter is abolished (record 4) without the 
5 component being affected. Time, msec. 


established that even in the absence of normal electrical responsiveness in one 
or more nodes, the extrinsic current flow may suffice to activate the nodes 
beyond the unresponsive region, and hence re-establish | the propagated 
activity (Tasaki, 1939). In designing the thermode, this ability of the nerve 
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impulse to ‘hurdle’ a certain length of inactive nerve was borne in mind, but 
at the same time, the dimensions of the cooling head were kept small to 
minimize the length of nerve which had to be freed for cooling. Consideration 
of these requirements led to a 6 mm channel being used. Assuming correct the 
data by Tasaki (1939) and Hodler, Stémpfli & Tasaki (1952), this length would 
seem adequate to prevent abnormal hurdling, for they found that block of 
2-8 nodes, that is to say 2-3 mm in the largest fibres, was sufficient to block 
- transmission. Nevertheless, since the larger fibres, in virtue of their greater 
_ internodal distances, are those best suited to allow hurdling of a length of 
_ block, and since the. most persistent component of the A complex on cooling » 
_ was found to be that conducted by the largest fibres, the question arose whether 
the persistence of the large fibre component was due to saltation, and, indeed, 
whether the differential effect of cooling within the A group was not so much 
the result of differences in fibre response to cold, but rather an expression of 
the different hurdling abilities in the different fibres. This question was settled 
by cooling a 20 mm length of the saphenous nerve, where any possibility of 
‘hurdling’ of the conducted response could be excluded. When this longer 
length of nerve was cooled, the results obtained were qualitatively similar to 
those obtained when a 6 mm length was cooled. Progressive cooling caused 
first the A complex to disappear and then, at a substantially lower tempera- 
- ture, the C complex. Within the A complex the blocking action was again 
differential, and again the 6 fibres were most susceptible and the « fibres least 
susceptible. The dissociation, however, appeared to be less clear-cut than that 
obtained when 6 mm of the nerve was cooled. The abolition of the component 
was only obtained after the spike height of the « group had begun to diminish. 
But cooling the longer length of nerve obviously caused a greater dispersal of 
the « component from slowing of conduction in the cooled region, which must 
necessarily have reduced its height, even in the absence of block in any of its 
contributing fibres. When a comparison was made of the areas of the con- 
ducted « and § elevations obtained during cooling, the poorer discrimination 
which resulted from cooling 20 mm of nerve was found to be more apparent 
than real, for the « area was scarcely affected at the temperature at which no 
5 activity was detectable (Table 1). 


TaBLE 1. Comparison of the effects on action potential (AP) height and area 
on cooling 20 mm of saphenous nerve 


AP height, % _ AP area, % 
27 100 100 100 100 
22 80 18 98 41 
19-5 65 0 95 0 
15 35 0 85 0 
12-5 0 0 0 0 
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- It was clear from these experiments that the differential blocking effect of 
cold observed when 6 mm or more of the saphenous nerve was cooled was not 
attributable to the differing saltatory abilities of the various fibres, but that 
it must reflect some other difference in fibre behaviour. Nevertheless, since 
the order of sensitivity to cold paralleled the saltatory abilities of the fibres, 
and since the differential effect of cold tended to become obscured when longer 
lengths of nerves were cooled, experiments were done to see whether the 
differential effect could be improved by cooling a length sufficiently short to 
permit saltation. It was found that cooling a 2 mm length of the saphenous 


Fig. 7. The effect of cooling a 2 mm length of the saphenous nerve. Records from a small twig. 
a and c: records of the A complex (the 8 component is unusually large). b and d: records of 
the C complex. Records a and b were obtained with the thermode at 34° C: records c and d 
with the thermode at 5° C. Time marks: a and c, 1 msec intervals; b and d, 20 msec intervals. 


herve did lead to a more discriminant block of the A fibres than did cooling 


a 6 mm length. The temperature required to block 6 fibres was about the same 
(c. 23° C) as when the longer lengths of nerve were cooled, but the temperature 
necessary to block all « fibres (c. 5° C) was about 5° C lower. Moreover, the 
component was comparatively little dispersed at the temperature blocking 6 
fibres. On the other hand, cooling 2 mm of nerve differentiated A fibres and 
C fibres poorly. For example, although the 4 response was abolished by a degree 
of cold insufficient to influence the C response, further cooling to block « fibres 
always diminished the C component. Indeed, in several of these experiments 
the component most resistant to‘cold was not the C elevation but the A. Such 
an experiment is illustrated in Fig. 7. 


Dut 
10n 
h 
the 
f 
4 
4 
ter 4 
of 
her 
ed, 
4 
ich j 
f ity 
e 
f j 
0 
yer 4 
é st 
to 
4 
J 
ra- 
” 
f 
rat 
ant 
: 
4 
of 
nt 
a 
in 
¥ 


60 W. W. DOUGLAS AND J. L. MALCOLM 


Experiments on small nerve bundles. A few experiments were made which 
permitted observation of the effect of cold on individual fibres of the A group. 
In these, records were obtained from small bundles of about 10 active fibres 
dissected from a twig of the saphenous nerve. The first effect of cooling a 6 mm 
length of the parent fascicle of such a twig was a slowing in the conduction rate 
of the « and 6 elevations. Then, as the temperature was further lowered, the 
individual fibre action potentials contributing to these elevations could be 
discerned as some became more slowed than others. Finally, after further 
slowing and separation of the spikes, a temperature would be reached which 
was critical for conduction in one or another fibre. At such a temperature its 
action potential would suddenly disappear from the oscilloscope record. Upon 
varying the thermode temperature by a fraction of a degree centigrade about 
this critical level, the particular action potential could be made to reappear or 
disappear in all-or-none fashion. At this critical level it was observed that the 
conduction time from the stimulating to the recording point was approxi- 
mately doubled. In each of these experiments the slower A group fibres, those 
of 5 velocity, were blocked by cold before the faster conducting fibres of the 


group. 


The effect of cooling on the recovery cycles of « and & fibres. In several ex- 
periments it was observed that when the saphenous nerve was cooled to an 
extent insufficient to diminish the single maximal response, the highest 
frequency at which responses could be conducted through ‘a cooled region 
of nerve was decreased. This suggested to us that measurement of the 
duration of recovery cycles of the « and 6 components during cooling might 
give a more sensitive indication of the action of cold than measurement of the 
heights or areas of the single conducted potentials. Experiments were there- 
fore carried out in which the recovery cycles of « and 5 components were _ 
measured at different temperatures by exciting the saphenous nerve maximally 
with two stimuli delivered at varying intervals of time, and measuring the 
height of the action potential elicited by the second stimulus. The results 
showed a distinct difference in the behaviour of the « and § components. The 
recovery cycle of the § component was much more prolonged than that of the 
« component (Fig. 8). 


Effect of cold on efferent fibres 
Experiments were made to determine whether a differential sensitivity to 
cold could similarly be demonstrated among efferent fibres. Branches of the 
medial and lateral popliteal nerves were stimulated at one or two points in the 
region of the knee, the thermode was applied to the corresponding fascicle in 
the thigh, and the action potentials recorded in the corresponding ventral root. | 
With an adequate stimulus to most branches, action potentials produced by © 
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the « and y fibres could be readily identified. The separation between them, 
however, was frequently poor, and observation of differential effects conse- 
quently unreliable. This difficulty was overcome by stimulating at two points 
on the nerve, after adjusting stimulus strengths so that the proximal stimulus 
fired « fibres only, and the distal stimulus « and y fibres. The interval between 
these two stimuli was adjusted so that the stimulus to the distal point was 
applied during the refractoriness produced by the volley set up at the proximal 
point in the « fibres only, and conducted away from the recording electrodes. 
There then appeared at the recording electrodes, first the action potential of 
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Fig. 8. Comparison of recovery cycles of « fibres (@) and 8 fibres (O) in saphenous nerve. 
Abscissa, interval in msec between maximal conditioning stimulus and a test stimulus of the 
same size. Ordinate, height of action potential evoked by test stimulus, expressed as per- 
centage of control response. Cooling applied to 6 mm saphenous nerve between stimulating 
and recording electrodes: (a) nerve cooled to 24° C; (b) nerve cooled to 20-5° C; (c) nerve 
cooled to 18° C, 


the « fibres initiated at the proximal point, and later the action potential of 
the y fibres initiated at the distal point. This procedure not only increased the 
separation between the « and y complexes by the conduction time for « fibres 
between the distal and proximal stimulating points, but also provided a means 
of checking that the two complexes whose sensitivities to cold were being com- 
pared were related to fibres of different thresholds and conduction velocities. 
As the difference in size of the « and y action potentials was considerable, it 
was found convenient to amplify each separately and to record them simul- 
taneously on the two beams of the oscilloscope. 

Using a 12 mm thermode, the y complex was always the first to be affected, 
slowing of conduction preceding its disappearance. The temperature at which 
the y complex was indiscernible, however, always produced some slowing and 
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spreading of the « component (Fig. 9), and sometimes also a significant degree 
of block. 


As in the case of afferent fibres, cooling prolonged the recovery cycle of the 


smaller (y) fibres more than that of the larger («) fibres. 


Smsec: 


Fig. 9. Effect of cold on the fast and slow efferent fibres of the peroneal nerve. Action potentials 
were recorded in the motor root of L 7. The lower record in each instance shows the « and y 
components; the upper, taken at higher gain, shows better the y response. Length of nerve 
cooled, 12 mm, Thermode temperature (a) =33-0° C, (b) = 22-0° C, (c) 16-0° C, (d) =10-0° C. 


Comparison of the effects of cold on efferent and afferent fibres 

This comparison was made by recording simultaneously from dorsal and 
ventral roots, after stimulating a peripheral mixed nerve. Cold was applied 
over a 12 mm length of nerve. In five out of ten cats in which the lateral 
popliteal nerve, nerve to gastrocnemius, and the nerve to the hamstring 
muscles were investigated, the dorsal and ventral root action potentials 
diminished equally when cold was applied to the nerve trunk. In the other 
five cats the action potentials recorded in the ventral root were more sensitive 
to cold. In two of these cats the temperature ranges over which dorsal and 
ventral responses diminished overlapped to a considerable extent. In the 
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remaining three the ventral root response was so much more sensitive to cold 
that it was almost completely blocked by a fall in thermode temperature 
insufficient to affect significantly the dorsal root response (Fig. 10). 


5 msec 


Fig. 10. Comparison of the effect of cold on efferent and afferent fibres in the peroneal nerve. The 
upper record shows the action potential recorded in the ventral root of L 7; the lower record, 
that recorded in the dorsal root of L'7 at the same time. The responses to cooling a 12 mm 
length of the peroneal nerve to different temperatures are shown. The figure against each 
record gives the temperature of the thermode in °C. _ 


In four of these experiments a more sensitive measure of the effect of cold 
on efferent and afferent axons was obtained by examining their recovery cycles 
during cooling with the 2-stimulus technique already described. In each 
instance cooling prolonged the recovery cycles of efferent axons more than 
those of afferent axons (Fig. 11). In two of the experiments cold had been seen 
to reduce the ventral root response to a single stimulus more than the dorsal 
root response, but in the other two no differential effect u: cold on the single 
action potentials had been apparent. 
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Fig. 11, Comparison of recovery cycle of large « efferent fibres (O) and « afferent fibres (@). 
Abscissa: interval in msec between maximal conditioning stimulus and a maximal test 
stimulus, Ordinate: height of action potential evoked by test stimulus expressed as per- 
centage of control response. Cooling applied to posterior tibial nerve in mid-thigh region; 
stimulating electrodes on the posterior tibial nerve in the popliteal space; recording electrodes 
on the 7th lumbar dorsal and ventral roots. Dorsal and ventral*root action potentials 
recorded simultaneously. (a) Nerve cooled to 25°C; (6) nerve cooled to 13° C3 (c) nerve 
cooled to C, 


Effect of cold on the vagus nerve 
The results described above are at variance with those obtained by Torrance 
& Whitteridge (1947) and Whitteridge (1948) on the vagus, which showed the 


larger of the medullated fibres to be more easily blocked by cold than the — 


smaller. We therefore carried out several experiments on vagi, either in situ 
or isolated, to ascertain whether the discrepancy was to be explained by a 
difference in the nerves studied, or by a difference in technique. 

In the experiments on the vagus in situ, the animal was maintained under 
artificial respiration. The stimulating electrodes were applied to intrathoracic 
branches of the vagus and the recording leads were placed just below the 
nodose ganglion. The results were similar in both types of preparation. The 
vagal action potential elicited by maximal stimulation showed in each instance 
two major elevations, the first corresponding to the medullated fibres of A 
and B groups and the second, more slowly conducted, corresponding to 


C fibres. When cold was applied to a 12 mm length of the vagus, the A~B com- - 


ponent was first abolished and then, at a considerably lower temperature, the 
C component (Fig. 12). Within the medullated group, however, no clear-cut 
differential sensitivity to cold was observed: In contradistinction to the 
saphenous nerve records, where the separation between the component due to 
a fibres and that due to the 8 fibres was so well defined that the differential 
effect of cold was readily discerned by inspection, the vagal medullated complex 


appeared to be due to a substantially continudus spectrum of fibres.and any — 


differential effect would evidently be less easily detected. Nevertheless, it was 
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to be expected that if the faster and slower conducting fibres differed con- 
siderably in their susceptibilities to cold, the front or rear of the action 
potential complex would be seen to subside during cooling. This did not occur: 
on cooling the complex subsided along its whole length. In one experiment, 


_ for example, when block was about 60% complete (the area of the complex 


elevation being reduced to 40% of its original value), measurement showed 
that within the remaining elevation there were both fast and slowly conducted 
components. Further lowering of the temperature caused such dispersion and 


10 msec “100 msec’ 


Fig. 12. The differential effect of cold on the vagus. Records (a) and (c): response of the A-B 
group. Records (6) and (d): response of the C group. a and 6b at 36°C.; c and d at 9-5° C. 


reduction of the height of the complex that satisfactory measurements could 
not be made. Attempts were therefore made to clarify the results by two 
modifications of the technique. 

First, the conducted A-B complex was split artificially into two components 
by a two stimulus technique similar to that described for the experiments on 
the «~y complex of motor nerves. To do this the vagus was stimulated maxi- 
mally at one end and submaximally at a point nearer the recording leads. The 
time interval between the two stimuli was then adjusted so that the potential 
recorded showed two clear elevations, a faster conducted component (elicited 
by the submaximal stimulus) and a slower conducted component (elicited by 


the maximal stimulus), the two being separated by a distinct ‘notch’ due to 


refractoriness of the fast component of the response to the second stimulus. 


After cooling sufficient to reduce the total area of the two elevations to about 
5 PHYSIO. CXXX 
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50% of its original value, measurement showed that the two elevations were 
diminished proportionately. The second device employed was again based on 
the use of two stimuli, one maximal and the other just above threshold. But 
in this instance both stimuli were applied at the same point alternately and 
some seconds apart. Cold was applied to the nerve until the area of the con- 
ducted complex elicited by the maximal stimulus was reduced by about half. 
Application of the near-threshold stimulus was then found still to cause the 
appearance of a small elevation. 


_ DISCUSSION 
Our experiments have shown that in sensory and motor nerves of the cat 


hindlimb, the block exerted by localized cooling is to a greater or lesser degree _ 


selective on fibres of differing conduction velocities, and that the order of 
susceptibility is the following: first, small medullated fibres, then large medul- 
lated fibres, and finally unmedullated fibres. Within the medullated group, the 
greatest degree of differentiation achieved was in the saphenous nerve, where 
complete suppression of the 6 component was in almost all instances readily 
achieved by cooling without there being any failure of conduction in the « 
complex, and where the y and 8 components, when readily visualized, fell out 
in that order as the temperature was lowered and before there was significant 
block of the « component. These findings are in accord with Dodt’s observation 
(1953) that, in the cat lingual nerve, 6 fibres were blocked by cold more readily 
than f fibres, and with Lundberg’s finding (1952) that the electroneurogram 
of the whole cat saphenous nerve cooled to 10° C showed an « but not a 4 
elevation. Our experiments on the large and small motor fibres of the sciatic 
nerve, although less striking than those on the saphenous nerve, showed in 
each instance that the smaller medullated fibres were more sensitive to cold. 
In comparing the results obtained on the sciatic with those obtained on the 
saphenous nerve, consideration must be given to the fact that the disparity 
between the conduction velocities of the large (a) and small (5) sensory fibres 
of the saphenous nerve is much greater than that between the large («) and 
small () motor fibres in the sciatic nerve. If size is a factor which determines 
a nerve fibre’s sensitivity to cold, then less discrimination is to be expected in 
the latter nerve. It is clear, however, that size alone cannot determine a fibre’s 
sensitivity to cold block. Although the first fibres blocked on cooling are the 
smallest of the myelinated group, the last fibres blocked are smaller than these 
and belong to the unmyelinated group. Moreover, fibres of very similar size 
may behave quite differently, as is shown by the differential effect of cold on 
motor and sensory fibres of similar conduction velocities in the peroneal nerve. 
(The explanation of this latter finding may reside in chemical differences 
between many. and motor fibres.) 
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On occasion we have found that the differentiation between medullated and 
unmedullated fibres may not be clear-cut, although the length of nerve cooled 
is adequate, and that some block of the unmedullated fibres may occur before 


~~ all medullated fibres fail to transmit. The reason for this, and indeed for the 


sometimes indifferent discriminant effects of cold within the medullated group 
itself, is not apparent. We have found no explanation in terms of the state of 
the animal, local circulation, or the use of in situ or isolated preparations of the 
nerve. Somewhat similar and unexplained variation in discrimination has been 
observed by Leksell (1945) when producing block by pressure. 

All published work on the effect of local cooling on vagal fibres suggests that 
their order of susceptibility to block is the reverse of that which holds for the 
other nerves so far examined. Most of the evidence is indirect and depends on 
correlating the effect of local cooling on vagal reflexes with the fibre population 
presumably responsible for these reflexes. For example, local cooling is known | 
to suppress the stretch reflex at higher temperatures than it suppresses the 
reflex initiated by phenyl diguanide, yet the fibres mediating the former reflex 
are considerably larger (for references see Paintal, 1953). There is also some 
direct evidence. Torrance & Whitteridge (1947) and Whitteridge (1948), 
observing single fibre preparations of the vagus, noted that among the several 
fibre types examined the most sensitive to cold were stretch fibres, which 
conducted at the highest velocity. In our own experiments on the vagus, the 
largest fibres did not prove especially susceptible to cold, as witness the 


_ findings that both the early and late portion of the compound action potential 


subsided equally during the early stages of block, and that stimuli of strength 
sufficient only to excite the largest fibres of the nerve still produced a response 
after 50% block. Our technique, however, did not allow us to discern dif- 
ferential effects below about 50° block in the vagus, and our results must be 
regarded as equivocal. It is of importance that this apparent discrepancy 
between the behaviour of medullated vagal fibres and those of the limb nerves 
be confirmed or refuted by further work, for its existence would indicate a 
difference between somatic and visceral fibres. 

In presenting our results on somatic nerves, the inverse relationship between 
internodal distance and susceptibility to block was considered and dismissed 
as the factor leading to differential block when adequate lengths of nerves 


were cooled. Nevertheless, the differences in internodal length might be 
expected to give rise to differential blocking effects when the length of nerve 


cooled is sufficiently short. The experiments of Hodler et al. (1952) and Tasaki 
(1939) have shown that conduction in myelinated fibres fails when three or 
more nodes are blocked, but that when only two nodes are blocked the 
current flowing beyond. the inactive ‘nodes is still sufficient to excite the 
fibre. Since the internodal distance in the largest fibres is close to 1 mm, . 
it follows that some 2-3 mm of nerve must be cooled to block conduction 
5-2 


i 
43 
‘a 
44 
a 
f 
e 
e 
ae 
ry 
t 
A 
n 
y 4 
ig 
C 
n 
A. 
1e 
BS. 
y 
id 
In. 
8 
se 
Ze 
n 
5 
es 


68 W. W. DOUGLAS AND J. L. MALCOLM 


in these fibres, and a somewhat shorter length to block the smaller fibres 
with shorter internodal distances; and also that about this critical length 
saltation will influence greatly the results. The effects we observed when cold 
was applied to 2 mm of the saphenous nerve, i.e. the paradoxical persistence 
of large A fibres after block of the C fibres, and the heightened discriminant 
effect of cold within the A group itself, are doubtless to be accounted for by 
effects of this sort. Cooling of such a short length of nerve is obviously contra- 


_ indicated when differentiation between A and C fibres is sought, but it would 


appear to be a useful procedure when it is required to block differentially 
within the medullated group. Complete block probably occurs in such experi- 
ments only after cold has spread beyond the edges of the 2 mm long thermode; 
certainly the temperature to which the small thermode needed to be lowered 
to block a given fibre group was lower than with larger thermodes. 

Slowing of conduction, affecting as it did some fibres more than others, led 


to temporal dispersion of the action potential. This introduced a difficulty in 


assessing the degree of block during cooling, for temporal dispersion in the 
absence of block reduced the height of the compound action potential. The 
difficulty was overcome by taking area measurement of the response rather 
than height as an index of block. In the experiment on the limb nerves where 
12 mm or less of the total length of the nerve was cooled, the slowing in con- 
duction time from stimulating to recording point was seldom more than doubled 
before block occurred. This was especially evident when single action poten- 
tials were observed in small branches of the nerve, as in these conditions an — 
approximate doubling of this conduction time preceded the sudden dis- 
appearance of the individual fibre’s action potential. In such circumstances the 
compound action potential retains sufficient synchronism to provide a trace 
whose area can be measured with reasonable accuracy. In the vagus, however, 
where the conduction velocities contributing to the action potential cover a 
very wide range, and where the compound action potential is normally dis- 
persed, the additional temporal dispersion produced by cooling renders 
measurement of the area (and of block) extremely difficult. 

Prolongation of the rate of recovery after a conducted response has been an 
early feature of local cooling in all the nerves we have examined. Whitteridge’s 


observation (1948) that Wedensky inhibition occurs in cardio-vascular afferent 


nerve fibres in the vagus on cooling to temperatures that just failed to block 
conduction can be accounted for in this way. In each nerve cooling has pro- 
longed the recovery cycle of the slowest fibres most. At normal temperatures 
the recovery cycle of the smallest fibres is perceptibly longer than that of the 
larger, and it may be that cooling emphasizes this difference by a proportional 
increase in the refractory periods of both large and small. The effect, however, 
is such that fibres most susceptible to cold show the earliest and greatest 
prolongation of their recovery cycle. We have made use of this to reveal better 
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the differential effect of cold. Moreover, it appears probable that the pheno- 
menon may well be an important factor acting to enhance the differentiation 
by cold of different modalities activated by repetitive stimulation or firing in 
normal repetitive fashion to physiological stimulus. The explanation of the 
phenomenon may be that a relatively small amount of axoplasm has to 
repolarize a given number of nodes in the case of the smaller axon, and hence 
that there is a much greater chance of delay in completion of the recovery 
process. Another explanation must hold for the differential effect of cold on 
the recovery cycles of the fast sensory and motor fibres whose mean diameter 
and internodal distances are presumably similar. 

It is apparent from our experiments that caution must be used in diiploying 
the technique of localized cooling of nerves for analysis of the function of 
different kinds of nerves. Although in a given nerve the susceptibilities of the 
component fibres to cold block appear related in orderly fashion to their fibre 
sizes, it cannot be predicted with certainty whether the fibres of greater 
diameter will be most or least susceptible. Before full advantage may be taken 


_ from the technique, the differential effect on conduction in the nerve under 


study should be determined. Consideration should also be given to the effects 
of Wedensky inhibition. For example, in the somatic nerves we have ex- 
amined, an effect mediated by fibres firing rapidly might be expected to be 
depressed by cold more readily than another mediated by fibres of the same 
size firing more slowly. Alternatively, where frequency of discharge is similar 
in two fibre groups of different sizes, the Wedensky phenomenon might be 
expected to suppress the small fibre effects even before there was any obvious 
change in the conducted response to a single isolated response in these fibres. 
Finally, it might even happen that in a nerve whose smaller nerve fibres prove 
most sensitive to cold block when tested by single stimuli, block of the physio- 
logical effect of larger fibres occurs first due to their firing at much higher rates 
than the smaller fibres. 

Our work gives no insight into the mechanisms underlying the differential 
effects of cold on nerve fibres. One possibility is that the effect is related to the 
availability of energy required for maintaining and restoring the resting state. 
Oxygen consumption of nerve, which is presumably devoted largely to main- 
taining the resting state, is lowered by cooling (Arvanitaki & Chalazonitis, 
1954) and from this it would follow that cooling must prolong the rate of 
restoration of resting state following activity. At sufficiently low temperature, 
the rate of provision of energy may be so reduced that normal excitability is 
not maintained. This interpretation would account for the finding that the 
differential effect of cold on the saphenous nerve is similar to that of anoxia 
(Gasser, 1941). It also would explain the Wedensky inhibition which precedes 
cold block, 
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SUMMARY 


1. Experiments have been carried out to determine the effect of localized — 


cooling on impulse transmission along cat nerves, and especially to see if 
differential block according to nerve fibre size occurs. 

2. Action potentials from single or multiple shocks have been recorded 
during cooling of 2-20 mm of nerve between the stimulating and recording 
points. | 

3. In the saphenous nerve a greater lowering of temperature was required 
to block the C fibres than the A fibres. 

4. In the saphenous nerve, cold caused differential block within the A fibre 
group. The order of block during progressive cooling was first 5 then +, followed 
by B and finally « fibres. 

5. In motor branches of the sciatic _nerve, progressive cooling blocked first 
the y, and then the « efferents. 

6. In comparing the effect of cold on motor and sensory fibres of equal size 
(x) in the sciatic nerve, a difference was observed in five out of ten cats: in 
these the motor fibres were blocked by a fall in temperature insufficient to 
block the sensory fibres. 

7. In the vagus, a greater lowering of temperature was required to block C 
fibres than the fibres of the A-B group. No clear-cut differential effect of cold 
was seen in the A-B group. 

8. The effect of varying the length of nerve cooled has been tried: when the 
length is short (2 mm) saltation may occur. Since this occurs most readily 
with large fibres, it enhances the differential effect of cold within the A group. 
It obscures, however, the differential effect of cold on A and C groups. 

9. In all the nerve fibre groups examined, slowing of the conduction rate 
and prolongation of the recovery cycle occurred before block. The latter gives 
rise to Wedensky inhibition on repetitive stimulation. 
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OBSERVATIONS ON THE EFFECT OF POSTURE ON THE 
DISTRIBUTION OF TISSUE FLUID IN THE FACE 


By D. VEREL 
From the Medical Unit, London Hostal 


(Received 17 February 1955) 


Those accustomed to shave the face at about the same hour both in the 
morning and the evening commonly observe that the beard appears to be much 
heavier at night. This apparent increased growth of hair occurs in the early 
part of the day, for a marked lessening of the phenomenon is noted if the beard 
is removed after breakfast instead of on first rising. The present paper describes 
an investigation of this phenomenon by measurement of the hair removed by 
shaving. The results have led to the conclusion that changes of skin thickness 
occur during the day which are related to posture. This conclusion has been 
confirmed by measurements of ear lobe thickness. It is suggested that the 
changes of skin thickness are due to redistribution of tissue fluid. 


METHODS 


The hair on the beard area was measured by weighing after removal with an open razor. Aiter 
preliminary washing with hot water the face was lathered with soap and hot boiled water. The 
fragments of hair and lather were transferred to a 3-5 cm Buchner funnel by washing them off the 
razor with distilled water. In each experiment the face was lathered and shaved twice. The hair in 
the Buchner funnel was washed with distilled water and ether, and suction was continved until 
the filter-paper was dry. The paper and hair were then transferred to a watch-glass. Any hair 
adhering to the sides of the funnel was transferred to the watch-glass with a soft brush. The hair 
and filter-paper were dried for 12 hr at 37° C and weighed after being left in the balance room for 
some hours. The hair was then brushed off and the paper weighed again. The weight of hair was 
determined by difference. 


The thickness of the lobe of the ear was measured after standing quietly for at least 2 min in all _ 


experiments except that illustrated in Fig. 5 when the subject measured the ear-lobe thickness 
without changing position. A micrometer dial gauge (Fig. 1) was modified so that it recorded the 
distance between the jaws (3 and 4) in thousandths of an inch upon a dial (1). The jaws (3 and 4) 
were maintained in contact by a very light spring acting on the rod (2). To avoid variations due to 
differences in the position of the gauge, two spots were marked upon the lobe of the ear with indelibie 
pencil about 3 mm apart. The lobe of the ear was placed between the jaws of the gauge so that the 
spots were covered by the jaw (3). The gauge was then gently withdrawn until the spots had fully 
appeared and the circumference of the jaw met the edges of the spots tangentially. This manceuvre 
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also stroked flat the small hairs on the ear lobe which otherwise might hold the jaws of the gauge 
apart. 
In all experiments when the subject lay flat the head rested upon a single pillow. 


| 


Fig. 1. Engineer’s depth gauge modified to measure ear lobe thickness. 1, dial calibrated in 
thousandths of inches; 2, rod actuating mechanism; 3, disk, 2 cm diameter, fixed to end of . 
rod; 4, anvil fashioned to fit disk (3); 5, supporting framework of } in. steel rod. 


RESULTS 
Measurements of beard growth . 
The apparent increase in the rate of beard growth in the early part of the day 
was first demonstrated. On five occasions the face was shaved at 7 a.m. 
immediately after rising and the hair discarded. At 11 a.m. and 3 p.m. the hair 
was collected and weighed. In each experiment the first 4 hr yielded two to 
three times as much hair as the second 4 hr (Table 1). 

This more rapid appearance of the beard in the early part of the day might 
have been due to a greater rate of hair growth or to a reduction in the thickness 
of the tissues of the face surrounding the hair follicles related to the preceding 
recumbency. The latter seemed more likely. ; 


The effect of lying down upon the hair removed was accordingly investigated 


by comparing the growth of hair during different periods spent either erect or 
supine. At least 4 hr after shaving in the morning the hair from one side of the 
face was collected and weighed. At varying intervals later the hair from the 
other side was also collected and weighed. The differences between the two 
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sides on seventeen occasions when the subject was up and about are shown in 
Fig. 2 (dots) plotted against the time which elapsed between collections. These 
results indicate that the hair grew steadily, about 10 mg appearing on half the 
face in 8 hr. When similar observations were made with the subject recumbent 
between collections, it appeared that the hair receded into the face for about 
3 hr after lying down and then started to grow out again (Fig. 2, crosses). 


TaB_e 1. Weight of hair removed by shaving from the whole beard area 


Grown between Grown between 
7am.andllam. llam.and3p.m. Difference 


(mg) (mg) (mg) 
30-3 8-9 21-4 
23-6 10-0 13-6 
28-0 75 21-5 
29-5 7-9 216 
20-7 10-3 10-4 
+30 - 
3 
+20 
£ ee 
0 xs oy 
= 
x x 
x 
x 
x 
| | | { 
0 2 4 6 8 10 
Hours ‘ 


Fig. 2. The weight of hair removed from one half of the face after measured time subtracted from 
the weight of hair present on the other half at time 0. The intervening time was spent either 
erect (dots) or recumbent (crosses). 


Most of these observations were made during the night, but three measure- 


ments made during the early or late afternoon did not differ from the rest. In — 


both series the side of the face shaved first was alternately left or right. 
These observations strongly suggested that the apparent variations in growth 
were due to changes in the thickness of the skin surrounding the hairs of the 
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Measurements of ear lobe thickness 


Direct measurement of the thickness of the skin in the beard area was not 
possible, but the thickness of the ear lobe was found to be influenced by posture. 
Intermittent measurements were made over 32 hr beginning at midnight 
before going to bed (Fig. 3). When the subject arose to shave after 3 hr the ear 
lobe had increased in thickness by 0-65 mm and in the 20 min spent shaving the 
thickness diminished by 0-28 mm. In the morning it was found to have become 
thicker once more and returned to about its original thickness 2—3 hr after 
getting up. The cycle was repeated the following night. This diminution in ear 


ecumbent Recumbent - 
8 42 
40 
38 
8 12 8 4 8 
m 
nig noon Time (hr) midnight 


Fig. 3. Intermittent measurements of the thickness of the lobe of the right ear made over 32 hr. 


lobe thickness after first rising in the morning was measured on 3 other days 
(Fig. 4). On eight occasions the ear before going to bed was about 0-5 mm 
thinner than on first getting out of bed in the morning (Table 2). A similar 
nocturnal increase in ear lobe thickness was demonstrated in two other normal 
subjects, 

The tissue swelling occurred similarly on reclining at 20° with the head up 
instead of horizontal (Fig. 5) and the thickness of the ear lobe was affected to a 
small extent by change of position while recumbent. Thus, the right ear lobe 
was measured in the morning after some hours lying on the left side. It was 
about 0-5 mm thicker than it had been on retiring to bed the night before. 
After 30 min on the right side its thickness had increased by 0-13 mm. Simi- 
larly, after lying down on one side for some hours the lower ear was found to 
have increased in thickness slightly more than the upper one, and this difference 
could be reversed by turning on to the other side. 
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Hours after getting up 
ne 4, Measurements of the thickness of the lobe of the right ear on three days 


getting up at time 0. 
20° Supine 
42 
| 
j 
0 1 2 3 
Hours 


Fig. 5. Measurements of the thickness of the lobe of the right ear. During two periods of 30 min 
_ indicated in the figure the subject reclined, first at 20° and then horizontally. 


TABLE 2, Measurements of the thickness of the lobe of the right ear 


Before going to bed On first rising 
(cm) (cm) 
0-394 0-452 
0-391 0-442 
0-406 0-444 
0-386 0-447 
0-401 0-439 
0-396 0-444 
0-394 0-439 
0-398 0-447 


Mean 0-3957 s.p.+0-0083 Mean 0-4442 s.pn.+0-0044 
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The amount of swelling produced by hyperaemia was measured on four 
occasions by recording ear lobe thickness before and immediately after a hot 
bath. The difference was always less than 0-05 mm. — 


DISCUSSION | 
The slowness with which equilibrium was established after changing position 
suggested that the postural effects were not due to differences in vascular filling — 
and this was supported by the insignificant increase in ear lobe thickness on 
raising the temperature. It was concluded that the phenomenon was due to 
redistribution of tissue fluid. 

It is well known that redistribution of tissue fluid occurs in health as a result 
of changes in posture. Thus, Waterfield (1931a) has shown that on quiet 
standing measurable oedema of the lower limbs occurs and this is known to be 
associated with a fall in plasma volume (Waterfield, 1931b;Thompson, Thomp- 
son & Dailey, 1928; Turner, Newton & Haynes, 1930; Keys & Butt, 1939). 
Increased venous pressure in normal subjects may cause oedema in the limbs 
(Drury & Jones, 1927; Landis & Gibbon, 1933), and it is likely that the redistri- 
bution of fluid in the lower limbs described by Waterfield is largely due to 
changes in venous pressure, since this may rise to between 70 and 100 mm Hg 
in the feet during motionless standing (Youmans, Wells, Donley & Miller, 
1934; Smirk, 1936; Grill, 1937; Walker & Longland, 1950) and falls to under 
40 mm Hg on exercise (Walker & Longland, 1950). 

The changes in the distribution of tissue fluid described in this paper are not 
likely to be due entirely to the effect of changes in venous pressure, for the 
increase in ear lobe thickness was observed when reclining at 20°, and occurred 
in the right ear while lying on the left side with the head upon a pillow. In these 
observations the ear was above the heart level and the venous pressure was 
low. It is more likely that the phenomenon is largely due to the variations in 
arterial pressure in the head which follow a change from the supine to the erect 
position or vice versa (Hill, 1895; Hill & Flack, 1909). Elevation of the head 
above the heart level leads to a fall in the pressure on the arterial side of the 
capillary loop proportional to the height above the heart, while the pressure on 
the venous side of the loop falls to a minimum at any elevation above the heart 
(Landis, 1930). This would result in a fall in the rate of diffusion out of the 
arterial end of the capillaries proportional to the height above the heart, while 
reabsorption on the venous side would be maximal (Landis & Gibbon, 1933). 

Two factors are likely to account for the small increase in thickness which 
occurs in the ear on changing from the upper to the lower position when the 
recumbent subject turns over. Both the arterial and the venous capillary 
pressures in the lower ear are slightly greater than in the upper, and there would 
therefore be a greater perfusion pressure in the lower ear together with a greater 
venous pressure resisting the return of fluid to the venous ends of the capillaries. 
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SUMMARY 
1. The thickness of the skin of the face of man increases in the supine 
position and diminishes in the erect position of the body. 
2. The phenomenon is due to changes in the distribution of tissue fluid. 
3. Itis suggested that these are the result of postural changes in the pressure 
on the arterial and venous sides of the capillary loops in the face. 
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A MOUSE URINE PHOSPHATE ASSAY FOR PARATHYROID 
HORMONE, WITH CERTAIN APPLICATIONS 


By BERYL M. A. DAVIES,*} A. H. GORDON anp 
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From the National Institute for Medical Research, Mill Hil, London, N.W.7 
(Received 28 February 1955) 


Since the parathyroid hormone has been shown to act directly on the bones to 
cause the liberation of bone salts (Barnicot, 1948) and also to cause inhibition 
of phosphate reabsorption by the kidney tubules (Brull, 1936; Harrison & 
Harrison, 1941; Cargill & Witham, 1949; Kleeman & Cooke, 1951; Jacobs & 
Verbanck, 1953) and since it has been claimed that these two activities of the 
hormone are chemically distinguishable (Stewart & Bowen, 1952; Davies & 
Gordon, 1953a), it would be of interest to have a satisfactory assay based on 
the renal phosphate action of the parathyroid hormone to supplement the 
existing calcium assays (dog serum calcium assay, Collip & Clark, 1925a; 
parathyroidectomized rat plasma calcium assay, Davies, Gordon & Mussett, 
1954). 

Earlier attempts to devise such assays have been reported by Tepperman, 
L’Heureux & Wilhelmi (1947), who measured the fall in serum inorganic phos- 
phate in normal rats, and by Davies & Gordon (19535), using changes in plasma 
or urine phosphate in parathyroidectomized rats. None of these assays was 
very successful. 

‘The present paper describes an assay using about 200 saline-loaded normal 
mice, based on the increase in the rate of urine phosphate excretion during 34 hr 
after the injection of parathyroid hormone, A correction for dependence of 
response on urine volume is introduced. 

Using this assay and the parathyroidectomized rat plasma calcium assay, a 
comparison has been made of the ratio of renal phosphate activity/plasma 
calcium activity in parathyroid extracts made according to Collip & Clark 
(1925) and according to L’Heureux, Tepperman & Wilhelmi (1947). The 
significance of these ratios in relation to that for Parathormone (Eli Lilly Co) 
is discussed. 

° This work formed part of a thesis accepted for the degree of Ph.D., of the University of London. 

+ Present address: Radioisotopes Unit, Postgraduate Medical School, Ducane Road, W. 12. 
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Mice METHODS 


20-25 g albino mice were used. Mice below 15 g weight proved less sensitive to injected hormone 
and older mice had too high a control urine phosphate excretion to be useful for this work. The 
animals were of the ‘P’ strain and were bred and maintained at the National Institute for Medical 
Research, Mill Hill, London. They were kept in a thermostatically controlled animal house, 
temperature 68+2° F. The diet used was a M.R.C. cube diet, no. 41 (Bruce & Parkes, 1949). The 
mice received food and water ad lib, Although sex appeared to cause no difference in the phosphate 
responses obtained, either all male or all female animals were used in a single assay. Mice could 
be used for more than one assay (see later). 

Hydration of mice and urine collection. It was necessary to see that the mice received fresh 
drinking water daily to ensure they were in a state of adequate hydration prior to use. 1 ml. of 
0-9% NaCl at 38° C per 5g body weight was also given intraperitoneally to each mouse at the 
commencement of the experiment. A 10 ml. syringe, fitted with a tap for suction filling was used. 
Water, 186% NaCl or 1:27 % sodium sulphate were not more efficient diuretics than 0-9% NaCl. 
Urine collection, from groups of sixteen mice, was started 15 min after hormone administration 
and was continued for 3} hr. This interval before the start of the collection period allowed any 
leakage of intraperitoneal saline to stop. The amount of preformed urine included in the sample 
was probably small, as the mice often urinated on or soon after being handled. Aluminium meta- 
bolism cages, 9 in. by 8 in. were used. These had } in mesh floors and rested on aluminium funnels 
with 1 in. wide necks. The urine was separated from the faeces by the use of a pear-shaped bulb sus- 
pended over a collecting cylinder. No food was given in the metabolism cages, but water bottles 
were provided. Glass traps prevented any leakage of water into the urine samples. | 


Hormone 


Standard hormone was ‘ Parathormone’ supplied by the Eli Lilly Co. Hormone doses are expres- 
sed in U.8.P. units (see also p. 86). Assays were carried out on HCl-acetone preparations of ox 
parathyroid glands, made according to L’Heureux et al. (1947), and on acetic acid extracts made 
from acetone powder of the glands (Davies & Gordon, 1953a). All hormone injections were given 
subcutaneously, immediately after the administration of the intraperitoneal saline. 


Phosphate estimations 


Urine inorganic phosphorus was estimated by the method of Allen (1940) and 20l. samples 
delivered from a semi-automatic constriction pipette as described by Levy (1936). 


EXPERIMENTAL 


Selection of the increase in rate of urine phosphate excretion during 34 hr as a 


measurement of the activity of injected parathyroid hormone 

In preliminary work, consecutive 7 ml. samples were taken from groups of 
twelve mice per metabolism cage and sample times were recorded. These 
experiments showed that a 3-3-5 hr collection period was necessary to produce 
a satisfactory urine volume and to obtain an adequate similarity in urine 
volume from all cages. 

The routine procedure adopted was to obtain 3-5 hr samples from sixteen 
mice per metabolism cage, and to measure the rate of urine phosphorus excre- 
tion. The number of mice was increased from twelve to sixteen in an attempt 
_ to diminish the effect of inaccuracies due to incomplete urine collection from the 
metabolism cages, and to reduce the effect of animal variation. — 
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Dependence of response on urine shane 

_ In preliminary work it became apparent that, at any one dose level, iden 
the volume of the urine sample was large the rate of phosphorus excretion was 
large. To get more precise information about this positive correlation between 


the mg P excreted per hour and volume, a series of experiments were carried 


out in which a total of about 550 mice per dose level were used. As urine was 
collected from sixteen mice per metabolism cage this yielded an average of 
thirty-five values for the response to one specific amount of hormone. Doses 
of 0, 1:0 and 3-0 units of Parathormone were used. The same animals never 
received the same dose more than once. 

From this work it became apparent that there was a high positive correla- 
tion between mg P/hr (h) and volume at each dose level (Fig. 2, p. 92). 

Since this correlation existed it seemed possible that variations of volume 
between different cages, or those due to different doses of hormone, might 
unduly affect the assay results. Therefore, two other metameters, apart from 
h, were considered. One of these was the direct measurement of mg P/ml., 
which obviously takes some account of volume, but is not independent of it. 
There was found to be a negative correlation between mg P/ml. and volume 
(i.e. high phosphate content occurred with low urine volume). The third expres- 
sion H, is a value of mg P/hr corrected for dependence on urine volume and 
was shown to be uncorrelated with the latter. The derivation of H is given in an 
appendix, together with an explanation of why this or some similar correction 


is necessary. 


_ Log dose-response relationship 


Four curves relating response with log. dose have been constructed, using 
doses of 0-1, 0-33, 1-0 and 3-0 units of parathormone. Three cages of mice were 
used per dose level per day. Two experiments were carried out on one day 
only, and in the other two a cross-over test was carried out on 2 days, so that 
those mice which had received a high dose on the first day received a low dose 
on the second day and vice versa. 

The four log. dose-response lines were each subjected to statistical analysis 
three times, using A, mg P/ml. and H as response. Details of the two cross- 
over experiments are given in Table 1, but the following points relate to all 
four lines: 

(i) There were no significant departures from linearity, whichever measure 
of response was used (column 5). 

(ii) The high values for the linearity variance ratio indicated a significant 
slope in each case (column 4). 

(iii) The slope of the log. dose-response line varied in each experiment 


(from 1:34 to 2°58 when H was used as response) (column 1). This indicated the 
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importance of adopting an assay design in which animals treated with standard 


hormone would be incorporated. 

(iv) The use of H gave the highest slopes associated with the smallest error 
variance, as shown by the small values of \=,/(error variance) + slope (column 
2). In two cases the use of h led to the largest values of A and in the other two 
mg P/ml. gave the highest A. We should therefore expect that in the inter- 
pretation of an assay H would give the smallest limits of error to the estimate 


TaBE 1. Comparison of the results obtained when three different expressions for response 
are used in the statistical analysis of log. dose-response lines 
Variance ratios 


Departures 
Within dose from 
flow Lineari linearit 
Date of Slo A (4, 4) p.F. (1, 16) DF (2, 16) p.F 
experiment Response (1) (2) (3) (4) 
May 1953 h 0-97 0-680 2-44 14-75 <i 
ml. 0-25 0-452 9-67* 33-44 1-24 
1:34 0-416 3-17 39-51 1-11 
Oct. 1954 h 163 0-400 3°34 42-78 <l 
0-36 0-323 14-17* 65-47 1-75 
207 0-224 7-11* 136-53 2-54 


* Variance ratio is significant at 5% level when greater than 6-4. 
The effect of four doses of hormone has been measured on each date. Three cages of mice were 
used per dose level on each of 2 days. 


(v) The variance between cages at each dose level was calculated, and was 
found to increase with increasing dose. The ratio of variances within the highest 
and the lowest dose (3-0 and 0-1 units) has been taken as the criterion of this 


increase (column 3), This variance ratio was never significant when h was used 


as response, but was significant once when H and three times when mg P/ml. 
was used, 


A typical log. dose response line is illustrated in Fig. 1. 


The effect of repeated Parathormone injections on the urine phosphate response 
A set of 192 mice, divided into twelve groups, were used in a series of experi- 
ments to see whether repeated injections of 1-0 unit of hormone per mouse 
would lead to a decrease in the animal’s sensitivity. Half the number of animals 
were used throughout the experiments as controls. The other ninety-six 
animals received a total of eight injections of 1-0 U.S.P. unit of Parathormone 
over a period of 7 weeks. The interval between injections was from 2 to 7 days. 
In each experiment, the rate of phosphorus excretion was measured in both the 


hormone-treated and the control mice and the mean values so obtained ~ 


expressed as a ratio (i.e. mg P/hr/sixteen hormone-injected mice/mg P/hr/ 
sixteen control mice). This ratio was calculated once using the values before 
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correction for dependence of rate of phosphorus excretion on urine volume 
(h values) and again using values corrected for the effect of urine volume 
(H values). In neither case did the ratio alter significantly over the whole period. 
Using the corrected form for the response, the ratio ranged from 1-4 to 2-0, but 
there was no tendency for the ratio to alter consistently with time. Thus, it can 


H 
50+ | 
h 

3 
sob 
3 
5 
35 
w 


0 05 10 15 
Log. dose in 0-1 U.S.P. unit 


Fig. 1. Log. dose-response curve and effect of correction for urine volume. Each point is an 
average value from six cages of mice. sixteen animals/cage. x, Average mg P/hr (h) at each 
dose level; ©, average mg P/hr corrected for volume (H) at each dose level. 


be concluded that repeated dosing with 1-0 unit of hormone does not affect the 
responsiveness of the mice to injected parathyroid hormone, at least when an 


interval of a few days is left between each dose. 


It is, however, noticeable that for both the control and hormone treated 
groups, volume; observed (h) and corrected (H) rate of phosphorus excretion 
all decreased slightly but definitely as the experiment proceeded. Hence the 
routine procedure adopted was that one set of mice was never used for more 


than one month or for more than four assays or experiments, in order to 
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ensure that different assays were not carried out under unduly different con- 
ditions. | 


Design of assay 3 

A twin cross-over assay (Smith, Marks, Fieller & Broom, 1944) was adopted, 
three cages each containing sixteen mice were used per dose and two dose levels 
were employed. Within one assay the ratios between doses were the same for 
standard and unknown hormone preparations. The value and the ratio of the 
standard doses were varied in different assays. 

The assay was commenced between 9.0 a.m. and 10.0 a.m. and was carried 
out in two parts, an interval of not less than 2 and not more than 7 days being 
left between the two halves. This interval was used in order that the second 
injection of hormone would not be given to animals with an already increased 
urine phosphate excretion. Mice which had received standard hormone for 
their first injection received the unknown preparation for their second injection 
and vice versa, and in addition the dose levels were also reversed in the second 
part of the assay. The responses obtained from each individual cage of mice in a 
35 hr period were expressed both as mg P/ml. and as H values, i.e. as mg P/hr/ 


sixteen mice, corrected for dependence on urine volume. The potency was cal- 


culated, using each of these expressions as response (Tables 3 and 4). 

In each individual assay the dose ratio was selected on the basis of the results 
obtained from a preliminary test on the unknown preparation. If the extract 
appeared not to be very active, the ratio chosen was small to ensure both that 
the low dose would still produce a measurable response and that an excessive 
amount of material would not be required for the high dose. 


Investigation of the validity of the mouse urine phosphate assay method 

In order to test the validity of the assay method and to decide which of the 
three metameters considered gave the most accurate estimate of potency, 
four ‘known-unknown’ assays were carried out. 

The ‘unknown preparations’ were in fact dilutions of Parathormone, the 
dilutions being carried out by independent workers, who chose the concentra- 
tions and only revealed them after the completion of the experiment. The 
only condition laid down was that the dilution must be within such a range of 
Parathormone concentrations that measurable responses would occur. This 
unknown dilution of Parathormone was regarded as containing z units/0-2 ml. 
Doses of x and 2/3 units of ‘unknown preparation’ were assayed against doses 
of 1-5 and 0-5 units of Parathormone (standard hormone). Results were 
expressed as mg P/ml. and as h and H values and potencies for the ‘unknown’ 
solutions calculated. From these potencies, values for x could be obtained. 

Comparisons of experimentally determined values of x together with the 5° 
limits of error are given in Table 2. 
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It will be seen that the true values of z lay well within the limits of error of 
the estimated values of z whichever method of calculation was used. These 
limits were, however, so wide when uncorrected mg P/hr was used as response, 
that no confidence could be placed on such assay results. The other two methods 
both gave values of 2 which corresponded well with the true values and had 
reasonable limits of error. The use of H generally gave the closest limits as 
was suggested by the values of A calculated from the log. dose-response lines. 


TaBLE 2. Comparison of the results obtained when three different expressions for response are 
used to estimate the potencies of solutions of Parathormone which have been diluted to an 
unrevealed value (z units/0-2 ml.) 

(Experimental details are given in the text) 


ae mg P/hr (h) mg P/ml. Corrected mg P/hr (#) 
value 5% limits of 5% limita of — 5% limits of 
Assay of x x error x error x error 
1 2-0 4-85 40-33,129 1-55 47-222 2-10 62-187 
2 1-4 0:97 5 x 10-4362 1-38 52-171 1-21 66-141 
ae 1-2 Invalid—slope not 0-91 42-180 0-84 32-193 
ignificant 
4 2-4 2-16 48-343 3-06 56-299 2-62 70-162 


Specrficity of the urine phosphate response 


In order to test the specificity of the mouse urine phosphate response, a 
comparison was made between the action of acetic acid extracts of ox para- 
thyroid and salivary (parotid) glands made by the same method (Davies & 
Gordon, 19534). 

The salivary gland extract, when injected on 2 days in a cross-over experi- 
ment at a dose level of 6 mg/mouse into a total of twelve cages of mice, failed to 


cause any increase in urine phosphate excretion (H values). On the other hand, — 
_ three acetic acid extracts of different batches of ox parathyroid glands, assayed 


at levels of 0-25 and 0-75 mg/mouse, were found to have an average activity of © 
42 units per 100 g of fresh glands, assuming that 1 ml. of Parathormone (Eli 
Lilly Co) contains 100 units of phosphate activity. 


Results of mouse urine phosphate assays 

The results of a representative assay are shown in Table 3. 

A comparison of the potencies and limits of error, obtained from seven assays, 
and using mg P/ml. and H as response is given in Table 4. 

It is interesting to note that the two measures of response led to potencies 
which were very similar, and certainly not significantly different. 
In most cases the limits of error were noticeably narrower when H was used 
as response. In the statistical analysis of each assay a ¢ test was done between 
the slopes of the log. dose-response lines for standard and test substances. In 
assays III and IV this value of ¢ was significant when mg P/ml. was used, and 
in all except assay V the value of ¢ was reduced by the use of H. 
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TaBLE 3. Mouse urine phosphate assay (no. IV) of an ox parathyroid extract (OPG 4) 
D mg of preparation OPG 4 were equivalent to 0-24 mg dry wt. Sixteen mice 

were used per metabolism cage 

: Rate of urine phosphorus 

excretion corrected for 
Observed rate of urine dependence on urine 

phosphorus excretion values) 

Metabolism Vol. (h values) 


cage no. Dose per mouse (ml.) (mgP/hr/16 mice) sig An mice) 
Ist half of assay : 
1 , 32 5-0 4-42 
0-2 U.S.P. unit | | 
2} of Parathormone {25 
| 1-0 U.S.P. unit 
6 of Parathormone 99 6-6 6-17 
7 26 4:7 4-61 
s| D mg OPG 4 {20 5-2 4-89 
9 31 5-1 4-58 
10 29 «6B 6°35 
u| 5 Dmg OPG 4 {2 8-2 8-41 
12 27 7-2 6-93 
2nd half of assay 
2 mg 8 6-41 
| 22 5-3 5-60 
4 i 26 43 4-20 
| D mg OPG 4 27 4:9 4-73 
6 25 4:5 4-50 
25 BB 
9 of Parathormone 31 6-5 585 
10 27 48 4-68 
12 34 5:2 4-45 


Average H values for the complete assay: 0-2 units of Parathormone, H =4-60, D mg OPG 4, 
H =4-59; 1-0 unit of Parathormone, H =5-93, 5D mg OPG 4, 7 =6-81. 

Results of statistical analysis: potency = 1-4811; U.S.P. units/mg of OPG 4 = 1-23; limits of error 
calculated at the 5% level and expressed as a percentage of the potency = 67:3-156-4%. 


Comparison of the ratio of renal phosphate activity/plasma calcium activity in 
various types of parathyroid extracts 


Using Parathormone as the standard hormone, both a mouse urine phos- 
phate assay and a parathyroidectomized rat plasma calcium assay (Davies 
et al. 1954) were carried out on a hydrochloric acid preparation of ox para- 
thyroid gland prepared according to Collip & Clark (1925) and on an acetone- 
HCl preparation made according to L’Heureux et al. (1947) in order that the 
ratio of renal phosphate activity/plasma calcium activity might be calculated. 
Parathormone is standardized before issue and its calcium activity is 100 
U.8.P. units/ml. For the purposes of these experiments, in which one batch 
of Parathormone was used, 1 ml. of Parathormone was defined as giving 100 
units of phosphate activity, i.e. phosphate activity was measured in terms of 
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TaBLE 4. Mouse urine phosphate assays of unknown parathyroid preparations 


Potency of Potency in Limits of error 
Assay Unknown unknown U.S.P. units/ expressed as % 
no. preparation Date oftest preparation* mg. of 
Using mg P/ml. as response 
I OPG 1 21. vii. 53 2-54 8-5 45-0-406-3 
Il OPG 2 18. viii. 53 3-50 11-7 50-7-315-7 
It OPG 3 26. x. 53 0-92 46-2 50-5-284-7 
IV OPG 4 15. xii. 53 1-85 1-54 58-7—198-1 
V OPG 5 12, ii, 54 1-28 1-92 73-3-142-4 
4 (test 1)§ 
| VI OPG 5 19. ii, 54 0-89 1-33 56-0-168-4 
(test 2)§ 
Vil OPG 6 8. iii, 54 0-62 0-94 16-8-226-7 
Using corrected mg bed (H) as response 
I OPG 1 21. vii. 53 2-6 8-7 60-2-201-6 
II OPG 2 18. viii. 53 3.85 12-8 75-5-140-4 
OPG 3 26.x.538 0-88 43-8 55-4-174-6 
a IV OPG 4 15. xii. 53 1-48 1-23 67-3-156-4 
V OPG 5 12. ii. 54 1-04 1-56 71-6-140-6 
(test: 1)§ 
VI OPG 5 19. ii. 54 0:77 1-16 48-9-173-9 
(test 2)§ 
Vil OPG 6 8. iii. 54 0-57 0-85 46-3-163-1 


* Doses of standard and unknown preparation varied in different assays. 

+ Limits were calculated at the 5% level. 

¢ These estimates are not valid, since the log, dose-response lines for standard and test showed a 
significant deviation from parallelism. 

§ The two estimates of potency obtained by assaying an extract (OPG 5) twice were not 
significantly different. 
U.S8.P. units. Hence it was possible to obtain values for the phosphate and 
calcium activity of the tested extracts expressed in the same units and to — 
compare the experimentally determined ratios with that characteristic for 
Parathormone which, as defined for this work, was 1-0. In the calculation of 
these ratios the phosphate response was measured as H. The results of this 
experiment are shown in Table 5. 


DISCUSSION 


As mentioned above, Tepperman et al. (1947) attempted to devise an assay for 
4 parathyroid hormone, based on the decreases in serum inorganic phosphate of 
normal rats caused by injected Parathormone. Difficulties encountered in- 
cluded variation in response between individual animals and between groups 
of rats used at different times. The sensitivity of the method was not great, 
100 U.8.P. units being needed to produce a 21% fall in serum phosphate in 
the most reactive set of rats. 

Further, Davies & Gordon (19536), in a study of the influence of the 
hormone on the levels of plasma inorganic and urine phosphate of parathyroid- 
ectomized rats, found these animals to be very much more sensitive to sub- 
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cutaneous injections of Parathormone than normal rats. Thus, maximal urine 


or plasma responses could be obtained with only 2 or 3 units of Parathormone. tic 
However, the extremely wide animal and seasonal variation precluded the re 

development of a satisfactory assay based on either of these effects. More } 
recently, Kenny, Vine & Munson (1954) have described an assay, based on the eit 
increase in the six-hourly urine phosphate excretion of individual parathyroid- bt 
ectomized rats, but as yet no details of the design or accuracy of the assay have se 
been published. ve 
Taste 5. Comparison of the ratio of renal phosphate activity/plasma calcium activity ina »> of 
commercial extract (Parathormone), a hydrochloric acid extract and an acetone hydrochloric m 
acid extract of ox parathyroid glands Tro 
Both renal phosphate and plasma calcium activities were expressed as US. P. units/mg. Except | 
where specified, mouse urine phosphate assays and parathyroidectomized rat plasma calcium 7 

assays were always employed; in them Parathormone ¥ was used as the standard hormone. 
Ratio of: 
| Renal phosphate activ) 
Extract Method of preparation Number of assays performed plasma calcium acti 
Commercial hormone Not known None: standardized before issue by dog 1-0 C 
(Parathormone) serum calcium assay and contained 

; 100 U.8.P. units/ml. For the purposes B 


of these experiments, it was taken 
that its renal phosphate activity was 
100 units/ml. 
A ee ; Collip & Clark (19255) 2 phosphate assays, 1 calcium assay 3-1 
extract ( 4 
An acetone- L’Heureux, Wilhelmi 2 phosphate assays, 2 calcium assays 26 
hydrochloric acid & Tepperman (1947) 
extract (OPG 2) 


The present work was based on the changes caused by parathyroid hormone 
in the urine phosphate excretion of normal mice. An investigation of these 
increases in phosphate excretion was only possible if adequate volumes of urine 
could be obtained during the short period in which the hormonal response 
developed. This difficulty was met by ensuring that the mice always received 
fresh drinking water, keeping them in a thermostatically controlled animal 
house and injecting them with large amounts of saline just prior to the 

| hormone treatment. 

4 It was assumed that though the mouse, like the rat, would be relatively 
insensitive to parathyroid hormone on a weight basis, yet its small size might 
more than compensate for this disadvantage. In fact responses adequate as the 
basis of an assay method were obtained in normal mice by the use of similar 
small amounts of hormone as had previously been found to give maximal 
increases in the urine phosphate excretion of parathyroidectomized rats. 

Thus, the assay method was based on responses to small doses of hormone 
(0-20-3-0 U.8.P. units) which caused the urine phosphate excretion of normal | 
mice to increase by about 5-80°%. The variability of the responses was satis- 
factorily small when urine was collected from large groups of animals. 
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In considering the effect of parathyroid hormone on urine phosphate excre- 
tion of mice it was necessary, as shown above, to consider the dependence of 
response on urine volume. 

The results of assaying unknown dilutions of Parathormone suggest that 
either the use of mg P/ml. or the expression H lead to valid estimates of potency 
but that uncorrected mg P/hr is not a useful measure. Theoretically it would 
seem that H is the better measure of response, since it is uncorrelated with 
volume. It has been shown that the use of H leads to narrower limits of error 
of the potency, to response lines which deviate less from parallelism and to a 
more constant within-dose variance than does the use of mg P/ml. Hence our 
routine calculations of potency have been based on H. | 


‘Tasie 6. Comparison of phosphate and calcium assays for parathyroid hormone by various 


workers 
oe Limits of error 
es expressed as 

Total no. of used in % of the 

Authors Type of assay animals the assay potency* 

Collip & Clark (1925a); Dog serum calcium 20 4 79-126 

Bliss & Rose (1940 
Biering (1950) Normal rat serum 20t 1 81-121 
calcium 
Davies, Gordon & Parathyroidectomized 18 or 24 2 64-158 
Mussett (1954) rat plasma calcium : 

Davies, Gordon & Mouse urine phosphate 192 (12 cages) 2 60-168 


Mussett (present work) 
| * Limits were calculated at the 5% level. 
¢ All on unknown preparation. 


The advantages of the mouse urine phosphate assay method are that it 
involves no elaborate techniques and that it is relatively cheap, since it is carried 
out with small animals which may be used in more than one assay. 

As shown in Table 6, the accuracy of the mouse assay method based on H is 
comparable with, though slightly less good, than that of the dog plasma calcium 
assay (Collip & Clark, 1925a; Bliss & Rose, 1940), and rather similar to that of 
the parathyroidectomized rat plasma calcium assay (Davies et al. 1954). Our 
figures suggest that, if dose levels of an extract being tested were such as to 
give a potency of 1-0, the use of about twice as many cages of mice as are 
specified in the present assay (i.e. 2x 192 mice) would give an accuracy as 
great as. that of the dog serum calcium method. 

Since it takes into account the variations in the volumes of the urine samples, 
the present assay allows the activity of a parathyroid extract to be tested 
without the measurement of the hormonal action being obscured by the 
simultaneous action of any antidiuretic substance and probably of any pressor 
substance which might also be present in the extract unless these substances 
occur in very high concentration. As only urine samples with a volume range 
of 15-35 ml. were obtained in the experiments with Parathormone the results 
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of which were used to derive the expression H for measuring response, extracts 
which are strongly antidiuretic and produce volumes less than 15 ml. cannot 
reasonably be tested using the present form of this assay. In practice, such 
strongly antidiuretic effects were rarely encountered at the hormone levels 
necessary to give useful urine phosphate responses. No assays were carried 
out using any dose level of an unknown preparation which, in preliminary 


testing had produced urine volumes 50% lower than those of control urine — 


samples. 

The mouse urine phosphate assay throws no light on the action of the injected 
hormone on the cells of the renal tubules: for this, clearance measurements 
would be necessary and these would be extremely difficult to obtain, especially 
if individual blood and urine samples had to be collected from large numbers 
of mice. The assay is also probably not sensitive enough to test the level of 
circulating parathyroid hormone in humans. 

The fact that parathyroid extracts prepared at this Institute and a commer- 
cial preparation have each been shown to have different hormonal activity 
- when assayed by the mouse urine phosphate method than when assayed by the 
parathyroidectomized rat plasma calcium method confirms statements that 
parathyroid hormone has two distinct physiological activities, and that 
different preparations can possess different amounts of each. By means of the 
above pair of assays it should be possible to test the claim of Stewart & Bowen 
(1952) mentioned above to have obtained by formaldehyde treatment prepara- 
tions of the hormone no longer able to cause increases in plasma calcium level 
while still retaining power to increase renal phosphate excretion. This has not 
yet been done, and meanwhile a preliminary report has appeared by Talmage, 
Buchanan & Kraintz (1953) that such material did not lead to either of the two 
effects. A possible explanation of this discrepancy is that Talmage e al., 
working with dogs, may have used too short a urine collection period (20 min) 
to allow for the complete development of the phosphate response after 
injection of a test substance. 

Some further work on the properties of diffusates of acetic acid extracts of 
parathyroid glands similar to those mentioned by Davies & Gordon (19532) 
has recently been carried out. As will be described in another paper (Davies & 
Gordon, 1955) such solutions have been found to be active by the present 
assay and in the only case where, in addition, activity in respect to plasma 
calcium levels was tested, a positive result was obtained. This suggests that 
our earlier failure to obtain a calcium effect with rather similar material 
(Davies & Gordon, 1953@) may have been due to the presence of unduly high 
levels of impurities. 

It was not possible to conclude from the results in Table 5 whether Collip- 
type preparations always contain the highest ratio of renal phosphate activity, 
since only a single Collip-type extract and a single L’Heureux-type extract 
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were tested. However, the very fact that the ratios differed from that per- 
taining to Parathormone suggests the necessity of all extracts being routinely 
standardized for both phosphate and calcium activity before use. In this 
connexion, it is interesting to recall that Ellsworth & Howard in 1934 found 
that an injection of 20 U.S.P. units caused a larger urine phosphate response in 
the normal human than that obtained by some present-day workers who have 
repeated the experiment (Milne, 1951; Dent, 1953). A possible explanation is 
that Ellsworth and Howard’s extract may have contained a higher proportion 
of renal phosphate factor, as the extracts used by all the workers had been 
standardized for calcium activity only. This same view has been put forward 
by Kenny e¢ al. (1954) in a recently published note. Other work (Gordon, 
unpublished observations) has shown that the calcium activity of parathyroid 
hormone is unstable under unexpectedly mild conditions. It seems likely that 
modifications in the manufacturing conditions would all have been directed 
towards increasing the content of calcium activity. Thus, the present-day pro- 
duct with a higher calcium purity would have been extracted from a smaller 
quantity of ox glands and therefore might contain a smaller content of phos- 
phate activity than did the commercial preparation used by Ellsworth & 
Howard (1934). 
SUMMARY 
1. A two-day cross-over assay has been developed using 192 saline-loaded 


- normal mice and based on the increase in urine phosphate excretion during 


the 34 hr after the injection of parathyroid hormone. 

2. A correction is used which frees responses from their dependence on 
urine volume. This dependence was established by a series of preliminary 
experiments with Parathormone which showed: (i) At any one dose level, the 
larger the volume the greater was the rate of phosphate excretion. (11) The 
magnitude of the correlation was greatest at the highest levels of urine 
phosphate. (iii) Mean volume decreased with increasing response. 

3. The results of seven assays are reported. Using corrected responses the 
average limits of error were 60-168%. These are slightly wider than those 
reported by Bliss & Rose (1940) for the dog serum calcium assay (79-126 %) 
and very similar to those obtained in the parathyroidectomized rat plasma 
calcium assay (64-158%) (Davies et al. 1954). 

4. Using this mouse assay and the parathyroidectomized rat plasma calcium 
assay, the ratio of renal phosphate activity/calcium mobilizing activity has 
been determined for extracts made by: different procedures. In each case the 
value of the ratio differed from that for Parathormone (commercial hormone). 
Consequently the necessity for the standardization of hormonal preparstions 
in terms of both calcium and phosphate activities is suggested. 


F.R.S., for his interest in this 
work, 
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APPENDIX 


It has been stated earlier that a series of experiments were carried out with the object of obtain. 
ing more information about the dependence of mg P excreted per hour (h) on volume (v). 

From this work it became apparent that: 

(i) At any one dose level, there was a high correlation between response and urine volume; the 
larger the volume the greater was the rate of phosphorus excretion. 

(ii) The magnitude of this correlation was influenced by the actual value of the phosphorus 
excretion, being greater at the higher levels of urine phosphorus which were obtained in response 
to large doses of hormone. 


o 


~ 


15 20 25 30 35 
Urine volume (v) (ml.) | 
Fig. 2. Correlation between rate of urine phosphorus excretion and urine volume. Each line was 
constucted using values obtained from about 35 urine samples. x, Mean urine volume and 
mean response at each dose level (0, h). 


Observed rate of urine phosphorus excretion (h) (mg P/hr/16 mice) 


(iii) Mean volume was found to decrease with increasing response. Thus, the mean volume was 
smallest at the highest dose level. These conclusions were confirmed by examination of the responses 
obtained in individual assays. 

These three statements mean that if volume is plotted as abscissa and rate of phosphorus 


excretion as ordinate, regression lines with positive slopes will be obtained at each dose level of : 


Parathormone (including the control level), that the slope of the lines will vary (being greatest 
at highest dose level) and that for each line, the mean volume will lie at a different distance from 
the ordinate, the nearest being that for the highest dose level (Fig. 2). 
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Since the slopes for the volume-response regression lines varied with different doses it was 
possible neither to eliminate the effect of varying volume by the use of co-variance nor to use 
some simple correction as in the parath t d rat plasma calcium assay (Davies et al. 
1954), as this type of adjustment is alo based on a common slope. | 


where h is the mg P/hr/sixteen mice and v the urine volume for sixteen mice (one cage) and h and 0 
the corresponding mean values for one dose level. 
Derivation of H 

To overcome points (i) and (ii) it is necessary to develop a corrected response, which is uncorre- 
lated with volume, Graphically, this means that the volume-response line must be rotated to a 
horizontal position about some point. The obvious point to choose is the mean (0h) as this is easily 
calculated, and is by definition a point on the 

The rotation could be done exactly if the slope (6) was known, but to calculate b for every volume- 
response line would be tedious and also inaccurate, for in an assay there are only six points at 
each dose level. It was however noticed that the relationship 


h 
b= (1) 
closely approximated to the actual slopes found in the large-scale work at three dose levels. The 
correction is based on this empirical equation. 


The general equation for the slope of the volume-response regression is 


Eliminating 6 between (1) and (2) 
(3) 


If there were no animal or other experimental variation, every response (h) measured at a par- 
ticular dose level would be the same. The best estimate of this true value of h is h. Since it is 
impracticable to remove all types of variation, and only that due to differences in volume i is dealt 
with here, the corrected values of h . pi 

(4) 
regression line, Fig. 3 shows the fitted regressions of h on v and hog, on v calculated from thirty- 
one responses to 1 unit and thirty-six responses to 3 units of Parathormone. Correlation between 
h.o,, and volume is not significant in either case. 

The effect of this first part of the correction is to reduce greatly the within-dose variation without 
altering the level of response. In our experience the «al hoor.» #6 & particular dose level, has 
never differed more than 2% from the corresponding h. 

A second stage in the correction is required if responses to different doses are to be compared 
on a common volume basis (point (iii)). A volume of 25 ml. was chosen, and all h,,,, values 
adjusted to it. This was about the average volume generally encountered, and by always adopting 
this value rather than by using the mean volume of all the urine samples in each separate experi- 
ment, the responses from different assays are directly comparable. 

This part of the correction can be explained graphically as moving the Moo, regression from its 
position through (0h) through a vertical distance d until the mean corrected h coincides with a 
volume of 25 ml. 

It will be seen that d (5) 
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Combining (1) and (5) k 
(25 - 


The value d is constant for one dose level within one particular assay. Its object is to adjust each 
h value to a common volume of 25 ml. without affecting the scatter of individual values about 
their mean. The corrected responses are finally expressed as H =h,,, +d, the effect of H can be 
seen by the thick dotted lines in Fig. 3. 

A comparison of 4 and corresponding H values for one assay is made in Table 3. The effect of 
2 
and 4. 


3 
units of 
Parathormone 


> 


Rate of urine phosphorus sideition 
(mg P/hr/16 mice) 


—-20 25 30 35 


Urine volume (v) (ml.) 


Fig. 3. Effect of correction for urine volume on the correlation between response and volume. 
For definition of h, h,,,. and H see text. O, Mean urine volume and mean response at each dose 
level (0, h); x, average corrected response (H) at a common volume (25 ml.). 
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ACTION AND RESTING POTENTIALS OF 
CORTICAL NEURONES 


By CHOH-LUH LI 


From the National Institute of Neurological Diseases and Blindness, U.S.A., 
and the Montreal Neurological Institute, Canada 


(Received 2 March 1955) 


Thestudy of the electrical activity of the cerebral cortex with microelectrodes has 
become a subject of increasing interest. This activity appears in the records as 
spikes of about 1 msec duration, and is predominantly either negative, positive- 
negative or positive in electrical sign. The discharge of these three varieties of 
spikes can be elicited by afferent volleys, and are believed to be generated from 
the cell bodies of cortical neurones (Amassian & Thomas, 1952; Li, McLennan 
& Jasper, 1952; Baumgarten & Jung, 1952; Amassian, 1953; Li & Jasper, 
1953; Buser & Albe-Fessard, 1953; Tasaki, Polley & Orrego, 1954). However, 
it must be borne in mind that the recording of these spike potentials is carried 
out by blind searching of the microelectrode in the depth of the cortex. The 
intracortical elements from which these potentials are recorded cannot be 
identified with absolute certainty, and no means are available to establish the 
location of the tip of the recording microelectrode with reference to the cortical 


neurone under investigation. The assumption that they represent action | 


potential discharges from nerve cell bodies rests upon the observation of their 
precise localization, all-or-nothing character, response to stimulation and 
barbiturate anaesthesia, and their electrical polarities, durations and configura- 
tions. The assumption is similar to what has been proposed in the study of the 
activity of single neurones in the thalamus (Rose, 1952; Rose & Mountcastle, 
1954), the hypoglossal and oculomotor nuclei (Lorente de Né, 1947, 1953) and 
the spinal cord (Brock, Coombs & Eccles, 1952; Woodbury & Patton, 1952; 
Frank, 1954). | i 


The following experiments were designed to gain further information about — 


the relation and relative significance of the negative, positive-negative and 
positive spikes. From these experiments it was also possible to measure the 
resting potentials of the cortical neurones. 
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MATERIAL AND METHODS 


Eight adult cate were used. They were initially anaesthetized with intravenous thiopentone 
sodium (Pentothal Abbott Laboratories) for craniotomy and exposure of the cortex, followed by a 
transection of the midbrain at the intercollicular level and ventriculostomy of both lateral ven- 
tricles to prevent the development of an internal hydrocephalus resulting from accidental occlusion 
of the aqueduct of Sylvius. The animals were then fixed in a stereotaxic apparatus. 

Records of electrical activity from the cortical surface were obtained through chlorided silver 
wire electrodes. For the recording of spike potentials from the depth of the cortex, glass micro- 
pipettes of 0-5—1-0y outside diameter filled with 3 m-KCl solution were used (Ling & Gerard, 1949; 
_ Nastuk & Hodgkin, 1950). The micropipette was connected to the input grid of a cathode follower 
by a non-polarizable silver coil as shown in Fig. 1. The cathode follower was connected to direct- 
coupled and condenser-coupled amplifiers, The activity was displayed on a two-channel or four- 
channel oscilloscope and monitored throughout by a loudspeaker. The frequency response of the 
microelectrode and d.c. amplification system was constant from zero to 8000 c/s, falling to 50% at 
15000 c/s. The indifferent electrode was inserted in the white matter or connected to the stereo- 
taxic apparatus which had been grounded, 


+180 V 
‘ 
1620 | 1620 
2 RC amplifier 


10 KA. S10KQ 


Fig. 1. Block diagram of the recording system. 


RESULTS 
Action potentials of cortical neurones 
The predominantly negative spikes (Fig. 2A) were diphasic, initially negative 
in electrical sign. The amplitude of the negative component was 7-10 times that 
of the succeeding positive component. The duration of the negative component 
was, however, only about half that of the positive component. Measurements 
of twenty-three negative spikes recorded from various points in the posterior 
sigmoid cortex (Table 1) showed that there was a wide range of variability, 


particularly in the amplitude of the negative component. 
7 PHYSIO, OXXX 
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Fig. 2. Spike potentials recorded with & microelectrode trom the depth of somatosensory cortex. 
In this and subsequent figures, negativity is upwards. A, diphasic initially negative spike; 


B, positive-negative spike; C, positive spike. 


TasBLE 1, Measurements of diphasic initially negative spikes 


0-1-0-2 


0-2-0-4 


0-4-1 


1-5 


Average 


Negative component 
Amplitude Duration 
(mV) (msec) 
0-10 1-0 
0-11 0-8 
0-12 0-6 
0-20 0-6 
0-25 0-8 
0-25 0-8 
0-30 0-7 
0-30 0-6 
0-30 0:7 
0-35 0-6 
0-38 0-7 
0-40 0-6 
0-40 0-7 
0-40 0-6 
0-45 0-7 
0-45 0-6 
0-50 0:7 
0-50 0-6 
0-80 0-6 
2-10 0-8 
2-12 0-6 
2-40 0-8 
5-00 0-7 
0-78 0-7 


Positive component 
Amplitude Duration 

(mV) (msec) 
0-00 0-0 
0-03 1-0 
0-04 10 
0-02 1:2 
0-04 0-7 
0-02 1-1 
0-02 1:2 
0-03 1-0 
0-03 1-0 
0-03 1-0 
0-03 0-9 
0-06 1-2 
0-05 1-2 
0-08 1-0 
0-10 1-0 
0-10 1-0 
0-09 1:3 
0-10 0:8 
0-10 13 
0-10 1-0 
0-10 1-2 
0-50 1-5 
1-40 1-5 
0-13 1-03 


* Range in amplitude of initial negative component, 
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_ Insome experiments, while the initially negative spikes were being recorded, 
a slight advancement of the microelectrode by less than 5 would cause them 
to transform suddenly into positive-negative spikes (Fig. 2B). The initial posi- 
tive component of the positive-negative spikes was usually larger in amplitude 
than the negative component, although the ratio might vary, Measurements 
of sixteen positive-negative spikes recorded from various localities in the 
posterior sigmoid cortex are shown in Table 2. 


TABLE 2. Measurements of positive-negative spikes 


Positive component Negative component 
yes Amplitude Duration Amplitude Duration 

(m (mV) (msec) (mV) (msec) 
~2 0-6 0-7 0-4 1-6 
1-0 0:7 0-6 2-0 
1-2 0-9 0-6 1-8 
2-3 1-8 0-7 1-5 
1-8 0-8 0-9 1-4 
2-0 1-0 0-6 3-0 
2-0 0-7 0-4 1:7 
2-0 0-7 0-5 1-6 
2-0 0-8 0-6 1-5 
3-4 2-2 0-8 1-0 1-8 
2-5 0-9 1-2 1-8 
47 3-0 1-1 1-2 3-0 
3-2 10 2-0 2-0 
3-2 1-0 2-0 1-0 
3-5 1-0 2-0 1-0 
6-0 0-7 1-0 1-5 
Average 2-25 0-85 0-9 1-8 


* Range in amplitude from peak to peak. 


It was noted that the amplitude of the negative and positive-negative 
spikes might change with the rhythmic brain movement of the animal due to 
respiration (Li & Jasper, 1953) or slight manipulation of the microelectrode. 
A further advancement of the microelectrode by 2-5 would, then, transform 
the positive-negative spikes into positive spikes of much larger size. In some 
instances the resultant positive spikes would become diphasic and finally 
diphasic initially negative again as shown in Fig. 3. 

The occurrence of positive spikes was sometimes so sudden and their initial 
amplitude so large that they were seen to extend beyond the limit of the tube 
face of the oscilloscope, as shown in Fig. 4. Usually in less than 30 sec they 
either disappeared completely or diminished both in amplitude and frequency, 
apparently representing normal injury discharge. On some occasions they 
could be elicited by stimulation. Their amplitude ranged between 2 and 30 mV 
(Fig. 20), There was only one experiment in which a positive spike was found 
to be as large as 60 mV. Their average duration was 1-17 msec with relatively 


little variation, as shown in Table 3. ie 
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In the example: given in Fig. 5 (oscilloscope records) repetitive spike dis- | 


charges were recorded with a microelectrode in a depth 0-48 mm below the 
surface of posterior sigmoid cortex. They were responses to a single electric 
shock applied to the cortical surface 3 mm from the point of insertion of the 


a 


Fig. 3. Transformation of spike potentials. First and second line of each record were taken 
simultaneously with a microelectrode through two condenser-coupled amplifiers having time 
constants of 0-45 and 0-001 sec respectively. (1) was taken approximately 1 sec after the 
onset of the initial rapid repetitive discharge of positive spikes. The initial spikes were seen 
much larger in amplitude extending beyond the tube face of the oscilloscope. (2) was taken 
when the microelectrode was slowly lowered by a step of 10y. (3) was taken when the micro- 
electrode was further lowered by a step of 10. 


"Fig. 4. Initial rapid repetitive discharge Of positive spikes, the amiplitude of which extended 
beyond the oscilloscope tube face. Vertical bar represents 1 mV; horizontal bar, 10 msec. 


microelectrode. The discharge of spikes thus elicited was always repetitive, 
and the number of spikes as well as the latency of the first one varied with the 
stimulus strength. Measurements of 276 spikes in response to 76 stimuli at a 
frequency of 1/sec in this experiment revealed that the amplitude of all the 
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spikes was constant, although a slight variation existed in the size of the after- 
potential. The enlarged tracing of one of the positive spikes is shown in the 
same figure. Although its amplitude is relatively small, its time course and 
configuration are similar to those of action potentials recorded with an intra- 
cellular microelectrode from spinal motoneurones. . 


TaBLE 3. Measurements of positive spikes 


Amplitude Duration 
(mV) (msec) 
is. 1-00 
1-2 1-10 
2-5 1:10 
2-8 1-20 
4-5 1-20 
5-0 1/10 
70 1-30 
75 1-20 
17-5 1-10 
12-0 1-20 
15-0 1-30 
18-0 1-20 
24-0 1-25 
32-0 100 
60-0 1:30 
Av. 13-34 1-17 
mV 
OL 
204 


0 5 10 ee 20 msec 


Fig. 5. Positive spikes presumably recorded from inside a cortical neurone. The oscilloscope 
record shows repetitive discharges in response to a single electric shock to cortical surface 
3 mm from the point of entry of the microelectrode, recording from a depth of 0-48 mm in 
posterior sigmoid cortex. Vertical bar represents 12 mV; time marks, 1 msec. The enlarged 
tracing of a positive spike from the same experiment illustrates its configuration and time 
course. | 
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| Resting potentials of cortical neurones | 
_ When the diphasic initially negative spikes and positive-negative spikes 
were recorded, the d.c. potential recorded at the tip of the microelectrode did 
not change. As transformation of the positive-negative spikes into positive 
spikes took place, the d.c. potential was found to become negative with refer- 
ence to. the indifferent electrode, as shown in Fig. 6. As long as the d.c. 
potential remained negative, spikes of opposite polarity occurred either spon- 
taneously or as a result of stimulation. The first line of each record in Fig. 7 
was taken with a large non-polarizable electrode on the cortical surface of the 
posterior sigmoid gyrus adjacent to the point of insertion of a microelectrode, 


Fig. 6. Shift of d.c, potential with transformation of positive-negative spike into positive spike. 
(A) First beam (a.c.) was taken through a condenser-coupled amplifier, while second beam 
(d.c.) was taken simultaneously with a direct-coupled amplifier, and superimposed on the 
reference potential line (ref.). (B) First beam (d.c.) was taken with a direct-coupled amplifier, 
while second beam (ref.) represents the reference potential line, and third beam (a.c.) was 
taken through a condenser-coupled amplifier. Calibrations represent 2mV; time marks, 
1 msec. Note that the spike recorded with the a.c. amplifier was much larger than that obtained 
with the d.c. amplifier which, due to its low frequency response, would be expected to cut the 
peak of the spike considerably. 


while the second line and third line were taken simultaneously with the micro- 
electrode 0-85 mm deep, through a condenser-coupled and a direct-coupled 
amplifier respectively. It was noted that the shift of d.c. potential (Fig. 7 A, B) 
recorded at the tip of the microelectrode was not reflected in the potentials 
recorded from the surface. During the period of d.c. negativity, stimulation of 
the thalamic sensory nucleus elicited responses recorded both from the surface 
and from a depth (Fig. 7C). Further, the onset of the d.c. shift was accompanied 
by an outburst of spikes of opposite polarity. Let us assume that the periodic 


change of the d.c. potential was due to the fact that the microelectrode had gone — 
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in and out of a cortical neurone and recorded a potential difference on the two 
sides of the cell membrane, hence the resting potential. The initial discharge 
of spikes synchronous with the onset of d.c. negativity was probably a response 
to the mechanical stimulation of the microelectrode as it penetrated the cell 
membrane. If this assumption is correct, it is indeed remarkable that a cell 
can be punctured, as in this experiment, 42 times without a significant change 
in its electrical properties. | 


Fig. 7. Sustained negative d.c. potential and transient positive potential. First line of each 
record was taken from the surface, while second and third lines were taken simultaneously 
from a depth 0-85 mm below the surface of posterior sigmoid gyrus through a condenser- 
coupled and a direct-coupled amplifier. Vertical bar represents 7-5 mV, a calibration for the 
third line only. Time marks 10 msec. A and B, discharges of spikes coincident with d.c. shift. 
Note that there was virtually no potential change recorded with a surface electrode less than 
1 mm above. C, responses to stimulation of sensory relay nucleus of thalamus. A, B and C 
are continuous records. 


Nevertheless, in most instances repeated punctures of an intracortical ele- 
ment eventually caused a reduction in amplitude of the spike potentials and 
resting potentials, as shown in Fig. 8. In this figure the first line of each record 
was taken with a microelectrode 1-36 mm below the cortical surface through a 
direct-coupled amplifier, while the second line was taken with the same micro- 
electrode through a condenser-coupled amplifier. The positive spikes recorded 
with the condenser-coupled amplifier in Fig. 8A were seen extending beyond 
the oscilloscope tube face. Their occurrence was coincident with a shift of the 
d.c. potential as recorded with the direct-coupled amplifier. The d.c. shift and 
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positive spike discharges were synchronous with the respiration of the animal, 
suggesting that the tip of the microelectrode was periodically displaced from the 
point where these potentials were generated. The amplitude of the negative 
d.c. potential and the positive spike potential decreased gradually in each of 
their successive periodic occurrences (Fig. 8B). Frequently both potentials, 
after occurring once or twice, would be markedly reduced in amplitude and 
would rapidly become no longer recordable from the same electrode position. 


Fig. 8. Reduction in magnitude Of membrane potentials as a result of repeated punctures of a 
cortical neurone. First line of each record was taken through a direct-coupled amplifier, 
while the second was taken with the same microelectrode through a condenser-coupled 
amplifier. Note that the initial rapid repetitive positive spikes recorded through the con- 
denser-coupled amplifier are so large that they extend beyond the oscilloscope tube face in A 
and are reduced in size in B. The onset of the positive spike discharges and d.c. shift was 

_ synchronous with the respiratory cycle of the animal in this experiment. Voltage calibration 
is for d.c. recording only. The tracings show separately the d.c. and a.c. beams which overlap 
_-. each other in the oscilloscope record. 


It is most likely that at the instant when rapid repetitive spike discharges 
occurred, the microelectrode had prodded or impaled the surface membrane of 
a neurone, for the discharges were no doubt normal injury discharges. 

Rapid repetitive discharge of spikes coincident with a shift of d.c. potential 
did not occur often. In many experiments a sudden increase of negativity 
was not accompanied by spike discharges as shown in Fig. 9. It was noted 
that when spike activity was absent, the magnitude of the d.c. negativity was 
always much larger than that with concomitant spike discharge, suggesting 
that the cortical elements had suffered less damage from the penetrating 
microelectrode. 
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Of all the resting potentials recorded the maximum value was 87 mV, and a 
potential reaching this magnitude was recorded only once. Most commonly 
they ranged between 8 and 15 mV as shown in Table 4. 

The ratio between the magnitude of the spike potential and saniislibenns 


potential was found to vary considerably. In some experiments the transient 


reversal of the sustained negativity did not return to the reference potential 
level (Fig. 7), whereas in others the transient reversal would ‘overshoot’ the 
negativity by 30-40% or more, as shown in Figs. 8 and 10. 


Approximately 30 sec 


Approximately 14 min 


Fig. 9. Shift of d.c. potential with absence of initial T spike discharge. The sustained 


TaBLE 4. Measurements of resting potentials 


Actual measurements No. of 
(mV) (mV) | | occurrences 
-1-5 5, 3, 1, 45, 2, 3, 4-5, 1, 4:5, 2, 4-5, ll 
“610° 8, 9, 6, 8, 10, 10, 8, 8, 6, 8, 5-5, 24 
9, 10, 10, 9, 8, 9, 8, 9, 9 9 9, 9 : 
11-15 12, 12, 11, 12, 15, 15, 13-5, 11, 12 9 
16-20 20 1 
(21-25 22-2, 22, 25 3 
26-30 — 0 
31-35 33, 32, 33-7 3 
36—40 40 
41-45 42, 44, 45 3 
46-50 50 
51-55 — 
60 
61-90 87 
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DISCUSSION 


Advancement of the microelectrode by a distance of less than 10, transforms 
the diphasic initially negative spikes into positive-negative and positive spikes. 
This phenomenon strongly suggests that these spikes are generated by the 
same intracortical element. Provided that the glial elements do not respond to 
thalamic or cortical stimulation, the occurrence of these spikes must be attri- 
buted to alterations in the nerve cell membrane. The d.c. potential shift con- 
comitant with positive spike discharges would signify the penetration of the 
surface membrane. by the recording microelectrode. 


7 


rey 


Fig. 10. An ‘over-shoot” of the transient positivity. The upper record was taken approximately 
1 min before the lower record. They were taken with a microelectrode 0-97 mm below the 
cortical surface of posterior sigmoid gyrus, through a direct-coupled amplifier. The shift of 
d.c. potential and discharge of positive spikes were precipitated by ‘touching’ the micrometer 
of the manipulating system. Vertical bar represents 5 mV. Time marks 10 msec. 


The striking resemblance between the diphasic initially negative spikes and 
those recorded from the large cell bodies of the reticular substance in the rabbit 
by Lorente de Né (1953) would strongly suggest that they represent extra- 
cellular action potentials of the cortical nerve cell bodies. This is consistent 


with the deduction obtained from studies of Amassian (1953) and Li & Jasper. 


(1953). Should this be the case, the variability of spike amplitude is probably 
determined by the distance between the cell bodies and the tip of the recording 
microelectrode. The potential gradient must be steep, since a sharp rise in 
voltage of the initially negative spikes results from advancement of the record- 


ing microelectrode by only a few microns and measurements of these spikes - 


might range from 0-1 to 5-0 mV (Table 1). 

If the initially negative spikes do represent action potentials recorded outside 
the nerve cell body, the experiments described above would suggest that the 
positive spikes were being recorded from the inside. The rapid repetitive dis- 
charge of positive spikes with a concomitant d.c. shift is, no doubt, an indica- 
tion of a mechanical irritation or injury to the surface membrane. Although 
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the functional properties of an injured neurone can be maintained for aconsider- 


able length of time, the penetrating microelectrode will eventually kill the cell. 


The degree of injury determines not only the rate of deterioration in the neurone, 
but also the magnitude of the potentials generated by the neurone under study. 
In this study the spike potentials and sustained d.c. negativity recorded from a 
single electrode position were maintained for 40 min at the longest, and the 
initially recorded potentials were found to be many times larger than those 
subsequently recorded. It seems, therefore, justifiable to state that all the 
cortical neurones from which positive spikes were recorded must be considered 
to be in a process of deterioration. This may not be true, of course, when perfec- 
tion in recording techniques for intracellular potentials of cortical neurones is 


achieved. 


The fact that the positive-negative spikes were most frequently recorded 
from the cellular layers of the cortex (rarely from the molecular layer) suggests 
that their origin is different from the origin of the ‘ positive-negative potentials’ 
recorded from the dendritic terminals or axonal tips described by Lorente de Né 
(1953). Being a transitional form of the extracellular and intracellular action 
potentials, they probably represent action potentials recorded with the micro- 
electrode tip in direct contact with the surface membrane. Svaetichin (1951), 


under direct microscopic vision, has recorded positive-negative spikes from the 


surface of ganglion cells. The variability in the size of the positive-negative 
spikes would then be determined by either the location of the electrode tip with 
reference to the active locus in the surface membrane or the effect created by 
the injured portion of the membrane at the point of contact. 

The degree of damage to the surface membrane by the penetrating micro- 
electrode has, no doubt, a determining effect upon the membrane potentials of 
the cortical neurones. The average value of all the measurements shown in 


Table 4 (as well as Tables 2 and 3) can serve only as an indication of damage 


to the surface membrane and cannot represent the true value of the membrane 
potentials of the cortical neurones. : 

In analysing neuronal activity for the study of integrating function of the 
cortex, the diphasic initially negative spikes should therefore be given equal 
significance with the diphasic positive-negative spikes, for they all may repre- 
sent action potentials of single cortical cells. Considering the damage to the cell 
membrane which the penetrating electrode may cause and the briefness of the 
period in which the positive spike activity can be maintained, it seems unneces- 
sary to attempt in every instance to record positive spikes in order to ascertain 
that the brief potentials are generated from single cortical cells. 


SUMMARY | 
Attempts to determine the relative significance of spike potentials recorded 
from the depth of the cortex with microelectrodes have led to the following 
results and conclusions: 
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1. Action potentials of cortical neurones may be recorded as diphasic 
initially negative, positive-negative, or positive spikes. The occurrence of one 
or the other depends upon the position of the recording electrode in relation to 
the surface membrane of the cell body. 

2. The variability in magnitude of resting potentials and action bbobintil 
recotded with an intracellular microelectrode is dependent upon the effect 
created by the injured portion of the surface membrane. The maximum value 
of action potentials ever recorded was 60'mV, and of resting potential 87 mV. 

3. For the analysis of unit activity in the study of cortical function, 
intracellular action potentials and extracellular action potentials should be 
considered equally significant. In view of the unavoidable damage to the cell 
membrane by the penetrating microelectrode, the attempt to record intra- 
cellular action potentials is not necessary, and at times, inadvisable. 
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THE EFFECT ON MUSCLE STRENGTH OF MAXIMUM 
ISOMETRIC AND ISOTONIC CONTRACTIONS AT 
DIFFERENT REPETITION RATES 


By NANCY SALTER | 
_ From the Unit for Research on Climate and Working Efficiency of the 
Medical Research Council, Department of Anatomy, University of Oxford 


(Received 10 March 1955) 


There is some controversy concerning the most efficient method of producing 
a rapid improvement in muscle strength (Delorme, 1945; Asmussen, 1949; 
Tonesco, 1949; MacQueen, 1954; McMorris & Elkins, 1954), many clinical 
exercise routines having an empirical rather than an experimental basis. Since 
there is no generally accepted routine, it. might be assumed that the optimum 
method is still to be formulated. In outlining an exercise schedule, the following 
variables have to be considered: whether the contractions should be isometric 
or isotonic; whether they should be maximal or submaximal; the duration 
of each contraction; the repetition rate and the total number of contractions 
per session, and the total number and spacing of sessions. Following the 
initial investigation into the relative importance of certain of these factors 
(Darcus & Salter, 1955), the present experiment was carried out on normal 
individuals to compare the effect of training by repeated sessions of isometric — 
contractions, made at a repetition rate of either 2 or 15/min, with the effect of 
comparable ‘doses’ of exercise by isotonic contractions. 


METHODS. 


A strain gauge dynamometer (Darcus, 1953) was used for the measurement of isometric contrac- 
tions, and a modification of this apparatus (Darcus & Salter, 1955) for isotonic contractions. In 
the isometric contractions, subjects applied a gradually increasing force to the maximum possible 
over about 4 sec, and then relaxed. The contractions resulted in virtually no movement of the 
joint on which the muscles were acting. Isotonic contractions involved lifting a load equivalent to 
approximately 76% of the maximum isometric tension as far as possible, also over about 4 sec, 
and returning it to its resting position. These contractions were accompanied by movement and 
marked shortening of the muscles. The movement trained was supination of the left hand, and 
exertions were made at — 30° (isometric) or from — 30° (isotonic): the zero position being with the 
handle of the apparatus vertical (thumb uppermost) and negative angular deviations being in the 
direction of pronation, Twelve male and eight female subjects between the ages of 17 and 48 yr 
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were used. All were of apparently normal physical development and all except one right-handed. 
No subject had been previously trained in either pronation or supination, although several of them 
were familiar with the apparatus and technique. While using the apparatus, the subject was com. 
fortably seated with the left arm adducted to the side of the body and the elbow flexed to a right 
angle. The height of the apparatus was recorded for each subject on the first day, so that the same 
position could be adopted on subsequent occasions. Subjects were allowed to watch the galvano- 
meter deflexion in isometric contraction. 

On the basis of previous work (Darcus & Salter, 1955), thirty contractions were made in each 
training session, One session was carried out on each of 4 days a week (usually Monday to Thursday) 
for 4 weeks. The total length of the experiment was limited by the availability of the experimental 
subjects. Exertions, either isometric or isotonic, were made at a repetition rate of either 2 or 15/min. 
Each subject followed only one training procedure throughout the training period. 

In order to assess accurately the improvement in muscle strength resulting from training, a test 
consisting of five maximum isometric supination contractions at half-minute intervals was made 
once on each of 4 consecutive days in the week preceding the beginning of the training. A similar 
test series was carried out in the week following the end of the training period. In addition, one 
test was made at the beginning of each ‘training’ week, immediately before the training session, 
80 that five tests in all were made before any training was started. In isotonic training, the best of 
the five mean values obtained was used to calculate the load to be lifted by the subjects. The load 
was increased each week in accordance with the isometric tension recorded in the test, but if the 
tension remained the same as in the preceding week, or decreased, the load was not changed. A 
control series was carried out to determine the effect of the tests alone. _ 

The decision to use only isometric tests was based on the results of a preliminary experiment 
in which both isometric and isotonic tests were used to assess the effects of training. Isotonic tests 
were found to have various disadvantages; for instance, the speed with which an isotonic contrac- 
tion is made greatly influences the distance through which a given load can be moved, and it is 
difficult to control this speed accurately. Also, although the load used is a definite percentage of the 
maximum isometric tension, it is not known how this compares with the optimum load, and 
the same load must therefore be used in the ‘before’ and ‘after’ tests. The improvement due to 
training may therefore be underestimated. as the subject may be able to lift the load easily through 
the full range of movement in the ‘after’ test, The isotonic test may indicate a greater training 
effect than the isometric test, probably because a much larger proportion of the improvement is 
due to the acquisition of ‘knack’ rather than an actual increase in muscle strength. An advantage 
of the isometric test is that the five consecutive readings are usually much less variable than five 
‘isotonic’ readings. 

A possible objection to using isometric tests as the only criterion of changes in muscle strength is 
that they may indicate a greater improvement in isometric than in isotonic training, because of the 
greater practice the subject has in using the apparatus and in developing maximum isometric 
torques. However, the results of the preliminary experiment showed that in the ten subjects there 
was no significant difference between the relative amounts of improvement measured isotonically 
and isometrically following the two methods of training. Thus the test routine used in the present 
series can be taken as producing a reliable criterion of improvement in muscle strength irrespective 
of the training method. | 


RESULTS 


The results are shown in Table 1. All training procedures resulted in a signifi- 
cant improvement in muscle strength, but it was demonstrated, using the ana- 
lysis of co-variance, that there is no significant difference between the different 
methods. The apparent differences which are found when percentage improve- 
ment or absolute increment are studied may be accounted for by initial 
differences between the groups of subjects. The results of the control series 
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indicate that the amount of exercise provided by the test contractions alone 
is insufficient to produce any significant increase in muscle strength. 

An assessment of the decrement in applied force during each training session 
was made by calculating the percentage difference between the mean of the first 
five and the mean of the last five readings. This, of course, is not necessarily a 
reliable indication of the general trend throughout the session, but provides a 
rough value for the degree of ‘fatigue’. It can be seen from these figures that 
isometric training in each group generally results in a greater falling off in 
strength throughout a session than does isotonic training. With rapid isotonic 
contraction the falling off is extremely variable from subject to subject. 


TaBLe 1. Summary of the results 


Average ° 
Final Absolute 
Training Subject strength increase Significance of 
ure no. (kg-m) (kg-m) (kg-m) of difference increase session 
Isometric 15/min 1 168 2-86 1-18 0-001 69-9 ~— 185 
2 2:22 418 1-96 0-001 88-4 — 16-4 
3 154 2-35 0-81 0-001 52:3 — 
4 3-64 5-60 1-96 0-001 53-8 -17:8 
Isotonic 15/min 5 170 222 0-52 0-001 30-6 - 12 
6 2-46 2-89 0-43 0-01-0-001 17-3 - 40-1 
7 160 §=1-93 0-33 0-001 6 — 32-4 
8 3°75 5-92 2-17 0-001 58-0 67 
Isometric 2/min 9 3-92 6-45 2-53 0-001 64-2 - 10-6 
2:83 4-48 1-65 0-001 58-4 - 18 
ll 4-51 7:89 3°38 0-001 74:9 - bl 
Isotonic 2/min 12 402 6-27 2-25 0-001 55-7 + 23 
; 13 474 926 4-52 0-001 95-4 + 44 
14 3-80 8-87 5:07 0-001 133-4 - 05 
15 281 4-82 2-01 0-001 71-7 + 14 
16 341 554 2°13 0-001 62-4 - 05 
Control 17 354 3-61 0-07 N.S. 
18 190 2-22 0-32 N.S. 
19 1:80 1-88 0-08 NS 
20 435 481 0-46 NS. 


The initial and final strength have been calculated from the average of the tests made before 
and after the training period. The last column indicates the effect of the exercise in each session, 
calculated from the difference between the average of the first five and the last five readings in 
each of the sixteen training sessions. : 


DISCUSSION 


The results of these experiments indicate that there is no significant difference 
between the four methods of training in their effect on muscle strength of the 
movement tested. Previous work (Darcus & Salter, 1955) suggested that there 
was little difference in the amount of improvement in muscle strength resulting 
from comparable ‘doses’ of isometric and isotonic activity when the contrac- 
tions were made at one-minute intervals, but no record of investigations has 
been found comparing the effect of exercising at different repetition rates, i.e. 
varying the amount of decrement in muscle strength produced by a standard 
number of contractions. 
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‘Part of the improvement measured may be due to the acquisition of ‘knack’, 
every co-ordinated muscular activity being partly dependent on the develop- 
ment of this: However, there was no training effect in the ae" a e 
test runs, and no improvement in the control series. 

In the earlier study (Darcus & Salter, 1955), subjects making Nebented 
isometric contractions were not allowed to see the results of their efforts on the 
galvanometer, although subjects exercising by isotonic contractions were able 
to assess the increase in the distance the load could be moved on successive 
occasions. It was thought that the tendency for isometric training to produce 
less improvement in muscle strength might have been due to the fact that 
exercise without knowledge of results is a monotonous process. In the present 
series, however, where all subjects received a comparable indication of their 
progress, there was still no significant difference between the two methods. 

The fact that, despite knowledge of results, isometric contractions may not 
be accompanied by the same sense of achievement as the isotonic contractions 
might be partly responsible for the relatively greater ‘fatigue’ effect in the 
former type of activity. However, subjects did experience a greater feeling of 
tiredness following a session of thirty isometric contractions than after weight 
lifting, and despite the considerable static component provided by the load in 
isotonic contractions, isometric activity appeared to the observer to require 
more effort on the part of the subject. The following comments on these findings 
apply mainly to the ‘two-per-minute’ routine. In making an isometric con- 
traction, a subject, having reached what proved to be his maximum torque in 
3-4 sec, maintained this for a further 1-2 sec in an attempt to increase the 
galvanometer reading. On the other hand, it was difficult to make a subject take 
as long as 4 sec lifting a weight because he soon found out that he could 
produce better results by moving the weight rapidly. Against this, however, 
is the fact that, following an isotonic contraction, some work was done by the 
muscles in controlling the return of the load to its resting position, whereas 
following an isometric contraction, the subject could immediately relax. 

As might be anticipated, the ‘fifteen-per-minute’ routine was more tiring 
than the ‘two-per-minute’ routine, although there was a tendency, particularly 
with isotonic contraction, to cut down on the contraction time so as to leave 
1-2 sec rest between successive contractions. Subjects appeared to derive a 
certain amount of advantage by getting into a definite rhythm, and of course 
the ‘fifteen-per-minute’ routine was much less tedious than the longer session. 
An advantage of the rapid repetition rate in the practical situation is its 
obvious economy of time. 


Since neither the type of muscle activity nor, within the described limits, the | 


amount of ‘fatigue’ resulting from it, appears to affect significantly the amount 
of improvement which can be expected in normal muscles of the human fore- 
arm, it is suggested that the type of remedial exercise chosen might be con- 
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sidered on the merits of what other effects it produces. For example, isotonic 
contractions might help to maintain or increase the range of joint movement, 
whereas isometric contractions might be useful where movement is contra- 
indicated. 

The effects of different types of muscle activity on muscle strength may well 
vary in abnormal conditions, for example, following acute poliomyelitis. It is 
suggested that a further series of experiments on normal subjects should 
investigate the effects of different amounts of activity on the improvement in 
muscle strength. It would be interesting to know, for instance, whether the 
degree of improvement found in this experiment could be achieved by a smaller 
number of contractions in each training session or by fewer sessions each week. 


SUMMARY 


1. Training of supination of the left hand was studied in twenty normal 
subjects to compare the effect of repeated sessions of thirty maximum isometric 
exertions made at a repetition rate of either 2 or 15/min with the effect of 
comparable doses of exercise by isotonic contractions. 

2. Sixteen training sessions were carried out over a period of 4 weeks, the 
effect of these being assessed by the difference between two groups of four tests 
made in the weeks immediately preceding and following the training period. 

3. A test consisted of five maximum isometric supination contractions made 
at half-minute intervals. The reliability of isometric test contractions as criteria 
of improvement in strength following different methods of training is con- 
sidered. 

4, All training procedures resulted in an improvement in muscle strength, 
but no significant difference was found between the four different methods used. 

5. No correlation was found between the amount of improvement in muscle 
strength and the degree of ‘fatigue’ resulting from the training sessions. 


The author would like to thank Mr R. M. Jones for his advice on statistical matters. 
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A FURTHER STUDY OF THE STATISTICAL COMPOSITION 
OF THE END-PLATE POTENTIAL 


By A. R. MARTIN 
From the Department of Biophysics, University College London 


(Received 11 March 1955) 


Castillo & Katz (1954) have shown by statistical analysis that the end-plate 
potential (e.p.p.) at myoneural junctions of frog muscle is built up of small 
all-or-none units (‘quanta’) which are identical in size and shape with the 
spontaneously occurring ‘miniature e.p.p.’s’. The evidence was obtained from 
experiments in which the average ‘quantum content’ (m) of the e.p.p. was 
reduced by adding magnesium to the external solution or reducing the external 
calcium. It was found that when the average quantum content was small 
(m<5) the value of m could be obtained from the ratio [mean amplitude of 
e.p.p.|/[mean amplitude of miniature e.p.p.]. The amplitude of the e.p.p. 
fluctuated in a manner described by Poisson’s law, suggesting that there is a 
large latent population of excitable units at the junction, each with a small 
probability of responding to a nerve stimulus. However, at higher and more 
nearly normal levels (m> 10) the fluctuations were much less than expected on 
this basis. 

Three factors were considered as possible explanations for this behaviour. 
One was that an increase in the value of m might be associated with a change 
from a Poisson to a binomial distribution and a consequent reduction in the 
statistical spread of the amplitudes. However, this was not sufficient to 
account for the observed discrepancy. The second factor was the possibility of 
different units having unequal chances of success in responding to a nerve 
stimulus. With large values of m this might lead to a regular response from 
those units with high probabilities, in which case the coefficient of variation of 
the amplitude distribution would be less than if it were of the Poisson or 
binomial form. The final consideration, and the one with which this paper is 
concerned, was the failure of linear summation of the unit potentials. If each 
unit contributes a fixed increment of leakage conductance across the end-plate 
membrane (Fatt & Katz, 1951; Castillo & Katz, 19545), then the increment 
of potential contributed to the e.p.p. by an additional unit becomes less and 
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less as the number of units (i.e. the total existing leakage) increases. This 
would have a twofold effect on the analysis. In the first place the estimate of 
m, obtained simply by dividing the mean amplitude of the response by that of 
the spontaneous potentials, would be toosmall. Hence the expected coefficient 
of variation, which for a Poisson distribution should equal m-*5, would be too 
large. In addition, the scale of the amplitude fluctuations would be reduced so 
that the observed coefficient of variation would appear too small. 

It is possible to correct for this effect. Fig. 1 represents the end-plate mem- 
brane during an e.p.p. consisting of m units. To allow for the residual potential 
difference across a completely ‘short-circuited’ membrane (the liquid junction | 
potential between myoplasm and the external solution) Vj, which represents 
the maximum e.m.f. of the e.p.p., is taken to be equal to the recorded resting 
potential minus 15 mV (see Castillo & Katz, 19546). At the height of the e.p.p. 
the potential across the membrane (with this allowance) will be V,—%, where 
v is the e.p.p. amplitude. The potential across the resistance 1/G then will be ®. 


Therefore mg 
In the case of a spontaneous potential m=1. If its amplitude is 0, (6, <V,), 
Vo (2) 
From (1) and (2) ( -7) (3) 
1 


It is apparent from eqn. (3) that the estimate m=0/0, will be sufficiently 
accurate for small values of 0. This estimate corresponds to that derived by 
Castillo & Katz (19544, eqn. 1), and is referred to below (e.g. Table 1) as the 
‘uncorrected’ value. However, when m (and hence %) is large the correction 
factor (1—%/V,) must be applied. In this case application of the correction 
factor to each of a series of e.p.p. measurements will give not only a corrected 
value for the mean quantum content but also a new value for the coefficient of 
variation. If non-linear summation of the kind considered here is responsible 
for the departure from a Poisson distribution the coefficient of variation should 
then become equal to its theoretical value, m~°°. 

Since the unit size itself is subject to fluctuation the e.p.p. amplitudes do not. 
vary in unit steps corresponding to integral values of the quantum content. 
Instead amplitudes of e.p.p.’s having the same quantum content are distri- 
buted continuously over a range which overlaps that occupied by e.p.p.’s of 
adjacent quantum contents. Failure to allow for this scatter will result in a 
coefficient of variation which is slightly too large. Castillo & Katz (1954a, 


fig. 9, p. 570) have calculated the coefficient of variation allowing for this _ 
8- 
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For m= 32 the expected value was 0-182, compared with 0-177 for a Poisson 
distribution, an increase of about 3°. An error of this order of magnitude will 
not seriously affect the present analysis. 

The omission of capacitative circuit elements from this treatment is equiva- 
lent to assuming that the time course of the chemical transmission is long 
compared with the electrical time-constant of the membrane. This is not 
normally the case but should not lead to very serious error when a cholin- 
esterase inhibitor such as prostigmine is used. However, an additional approach 


Vo 


Fig. 1. Circuit diagram representing the condition of the end-plate membrane during an e.p.p. 
consisting of m units. V,=recorded resting potential minus the liquid junction potential 
between the myoplasm and the external solution (i.e. minus about 15 mV). G=transverse 
conductance between the inside and outside of the fibre, and g = the increment of conductance 
contributed by a single unit. Reactances are ignored. 


to the problem is possible. 4 may be made small compared to Vy, without 
reducing the value of m, by adding an appropriate amount of curarine, or any 
other specifically post-synaptic blocking agent, to the bathing solution. Under 
these conditions the summation of the units will become very nearly linear. 


The observed coefficient of variation should then be equal to its theoretical 


value. 


METHODS 


The usual techniques for intracellular recording of e.p.p.’s and miniature potentials were em- 
ployed (Fatt & Katz, 1951). The m. ext. 1. dig. IV of the frog (Rana temporaria) was used, im- 
mersed in an isotonic solution containing CaCl, and MgCl, adjusted so as to reduce the end-plate 
response to just below threshold for the initiation of a propagated action potential. Prostigmine 
(10-*, w/v) was included in the solution to increase the amplitude of the spontaneous potentials. 

A large number of spontaneous potentials was recorded from a single end-plate followed by 
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about 200 responses to single nerve volleys at 3 sec. intervals. Sufficient p-tubocurarine chloride 
was then added to reduce the e.p.p. amplitudes to a few millivolts and a second series of responses 
recorded from the same end-plate, Usually the spontaneous potentials could not be recorded 
after curarization, their amplitude being diminished below the noise level of the recording system. 
It was therefore necessary to assume that the average number of units involved in the response was 
unchanged, that is that the effect of the curarine at the concentrations used (about 10-*, w/v) was 


entirely post-synaptic. Verification of this assumption was obtained in one experiment in which _ 


it was possible to record the miniature potentials after curarization, their initial size being some- 
what greater and the depth of curarization rather less than usual. 

In other experiments muscles were mounted in normal Ringer’s solution with sufficient p- 
tubocurarine added to reduce the end-plate response to about 5 mV and a large number of 
responses recorded from each of several end-plates, 

TaBLE 1. Results of five experiments 

v =mean e.p.p. amplitude: mean amplitude of spontaneous potentials; = uncorrected 
mean quantum content of e.p.p.; m =corrected mean quantum content; 0.v. = coefficient of varia- 
tion. Whereas the o.v. in A is consistently smaller than the theoretical value (0/¥,)~°*, the corrected 
o.v. in A and the o.v. in B agree well with m-**. o.v. in Expt. III B, has been corrected because of 
the large e.p.p. amplitude, the corrected figure being shown in brackets. 


A. Before curarization. 


Expt. o(mV) (v/v,)-*"* m 
I 100 0-48 20-8 014840009 0-220 24-8 0-1724+0010 0-201 
II 116 044 012740007 0-194 32-3. 0165140008 0-176 
Ill 28-7 0-76 37-8 0-163 62-3. 015340007 0-127 
IV 25-1 0-34 740 0-116 117 0:1034+0-005 0-092 
24-1 0-25 964 0-058+0-003 0-103 143 0-089+0:005 0-083 


B. After curarization 


Corrected 


Expt. #mV) (from A) 
I 4-42 0-202 +0-010 0-201 
3-67 0-164+0-008 0-176 
Ill 929 018  0-12240-006 0-127 

(0-148) 
IV. 0-097 +.0-005 0-092 
V 2-17 _ 0-085 + 0-005 0-083 
RESULTS 


The results of five experiments in which the quantum contents ranged from 
about 20 to 150 are given in Table 1, and presented graphically in Fig. 2. In 
the series recorded before curarization the value of m was estimated, without 
correction, by dividing the mean amplitude of the e.p.p.’s by the mean ampli- 
tude of the spontaneous potentials. The coefficient of variation (i.e. the stan- 
dard deviation divided by the mean) of the amplitude distribution was then 
calculated and compared with the ‘uncorrected’ theoretical value (0/0,)-°°. 
The observed coefficient of variation was consistently smaller than this (i.e. 
the range over which the e.p.p. amplitudes fluctuated was too narrow) con- 
firming the results of Castillo & Katz (1954a) for large values of m. However, 
when the correction factor given by eqn. 3 was applied to the e.p.p. 
measurements the discrepancy between the observed and theoretical values 
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was removed. The coefficient of variation was in more satisfactory agreement 
with m-®, as would be expected if non-linear summation of the unit potentials 
were responsible for the previous discrepancy. 

After curarization an independent estimate of the mean quantum content 
could not usually be obtained since no measure of the unit size was available 


10 


10 20 50 100 200 500 
Mean quantum content 


Fig. 2. Relation between the coefficient of variation and the mean quantum content of the e.p.p. 
in the five experiments of Table 1. Abscissa: mean quantum content. Ordinate: standard 
deviation of the quantum content divided by the mean (i.e. the coefficient of variation). x: 
uncorrected results obtained before curarization; ©: the same results after correction for 
non-linear summation; @: corresponding results obtained after curarization. Bars have been 
placed at +2 8.x. of the coefficient of variation. Full line is the theoretical relation for Poisson 
distributions, Logarithmic scales. 


(except in Expt. III, Table 1B). The coefficient of variation was compared, 
therefore, with the corrected value of m-*5 obtained before curarization. The 
agreement was satisfactory in each case. This procedure was justified in Expt. 
III. Here 1-5 x 10-*, w/v, p-tubocurarine reduced the mean amplitude of the 
spontaneous potentials from 0-76 to 0-18 mV (measurable with reasonable 


accuracy with a base-line thickness of 0-1 mV) and that of the e.p.p.’s from 
28-7 to 9-3 mV. The uncorrected mean quantum content after curarization was 
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52. Application of the correction factor increased this value to 60, which agreed 
well with the corrected value (62) obtained before curarization, This agree- 
ment would not be expected if the correction factor were grossly inaccurate or 
if curarization altered the mean quantum content. 

The histograms in Fig. 3 illustrate the effect of curarization on the distribu- 


tion of the e.p.p. amplitudes in Expt. 1. The horizontal scales have been chosen 


so that the mean amplitudes before and after curarization coincide. The class 


% 


Ske 
7 
Ske 
0 J 
0 10 20 30 40 


Quantum content. 


Fig. 3. Histograms showing distributions of the e.p.p. amplitude. 16-5 mm—NaCl of the Ringer’s 
solution replaced by 11-5 mm-MgCl,. 10-*, w/v, prostigmine. A: before curarization; mean 
amplitude 10 mV, number of observations 185. B: after addition of 10-*, w/v p-tubocurarine 
chloride; mean amplitude 4-4 mV, 159 observations. Horizontal scale has been chosen so that 
the mean amplitudes before and after curarization coincide, the group numbers representing 
uncorrected quantum contents of individual e.p.p.’s. Ordinate: percentage of total number 
of observations. Uncorrected mean quantum content: 20-7. Curve is the expected Poisson 
distribution. 
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numbers show uncorrected quantum contents of the individual e.p.p.’s. The 
uncorrected mean quantum content, obtained before curarization, was 20-7, 
The upper histogram (A) shows the distribution obtained before curarizing the 
muscle and is compared with the expected Poisson distribution. The observed 
coefficient of variation is 0-148 (s.z. + 0-009) while the uncorrected theoretical 
value is 0-22. After curarization (Fig. 3B) the observed coefficient of variation 
becomes 0-20+0-01. If the corrected value of m (24-8) is used the theoretical 
value is reduced to 0-20, and the slight remaining discrepancy is removed. 

Having obtained evidence that the e.p.p. amplitude distribution in the 
curarized muscle is determined by Poisson’s law, it should be possible to obtain 
the mean quantum content simply by measuring the coefficient of variation; 
i.e. if the coefficient of variation is equal to m-**, then m=1/[coefficient of 
variation]*. This method was used to determine the mean quantum contents of 
the end-plate responses obtained from the curarized muscles in Ringer of 
normal ionic composition. The values of m were as follows: 95(s.z. + 10), 
240 +15, 107 + 10, 64+8, 80+9, 106410. 


DISCUSSION 


The results reported here provide further support for the view that transmis- | 


sion at a nerve-muscle junction takes place in all-or-none ‘quanta’ whose sizes 
are identical with those of the spontaneously occurring miniature potentials 
(Castillo & Katz, 1954a). The amplitude of the e.p.p. fluctuates in a manner 
predictable on this basis by Poisson’s law and apparent deviations from this 
behaviour for large values of m may be ascribed to non-linear summation of the 
unit potentials. 

Since the total number of units available for excitation is presumably finite, 
a change to a binomial distribution must become apparent at some stage as m 
is increased. The fact that there is no significant deviation from a Poisson 
distribution for the largest values of m obtained here sets a lower limit to the 
total synaptic population. The coefficient of variation for m=143 was 0-085 
with a standard error of + 0-005. Allowing twice this error a minimum value 
of 0-075 is obtained. This would be consistent with a binomial distribution only 
if the total population contained at least 400 units. Similar considerations place 
the minimum number of available units in the previous experiment (m = 116-7) 
at the same level. | 

In the estimates of m for the curarized muscles in normal Ringer the second 
value (240) is likely to be in error since there is no evidence that the assump- 
tion of a Poisson distribution is applicable at this level. If the distribution were 
binomial with a population of 500 units the figure would be reduced to 160. 
Using this value, the mean of the six results is about 100 units. Allowing for 
the non-linear summation and taking the unit size to be 0-5 mV this would be 


the equivalent to an e.p.p. in the uncurarized muscle of approximately 30 mV. | 
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However, examination of the height of the ‘step’ in action potentials recorded 
at the end-plate (see Fatt & Katz, 1951) indicates that the average e.p.p. must 
reach an amplitude of at least 50 mV. This would be the equivalent of about 
250 units. It appears then that the estimates obtained here are low by a 


factor of 2-3. 


There are several factors which would tend to make these estimates consist- 
ently low. One has already been mentioned, viz. the increase in spread of the 
distribution due to fluctuations in amplitude of e.p.p.’s having the same quan- 
tum content. In addition, the e.p.p.’s were reduced in amplitude to 3-5 mV 
in order-40 ensure linear summation of the unit potentials. Since the noise 
level of the system was as much as 0-2 mV in some experiments this could 
lead to an additional error of almost 10%. Any further random errors in 
measurement, or a slight drift of the e.p.p. amplitudes during the experiment 
would increase the coefficient of variation and thus decrease the estimate of m. 
still further. However, these factors could not account for an error of more than 
25%. In the five previous experiments where the corrected values of m had 
been obtained independently, the quantum contents, when calculated from the 
coefficient of variation obtained after curarization, were in error by less than 
+10%. 

It is well known that the mean e.p.p. amplitude varies considerably from 
fibre to fibre (Fatt & Katz, 1951). The results of Ralston & Libet (1953) indi- 
cate that e.p.p.’s do not normally reach threshold for the initiation of propa- 
gated action potentials in all fibres. If m is as high as 250 at every myoneural 
junction the probability of an e.p.p. not reaching threshold due to statistical 
fluctuations in quantum content is very small. This failure is more probably 
due to relatively low values of m at the junctions concerned. A further explana- 
tion of the discrepancy may lie in the fact that the records showing the action 
potential ‘step’ (Fatt & Katz, 1951) were obtained from the frog sartorius, 
usually with high (3-6 mm) calcium. Both the threshold and the safety factor 
for conduction may be lower in the fourth digital muscle, especially when 
normal Ringer (1-8 mm calcium) is used. 


SUMMARY 

1. A further study has been made of the statistical fluctuations in the end- 
plate potentials (e.p.p.’s) recorded intracellularly from single myoneural 
junctions. 

2. When the e.p.p. amplitude is greater than about 5 mV the fluctuations 
are smaller than predicted by a simple statistical theory. 

3. This discrepancy is removed when allowance is made for the non-linear 
relation between conductance and potential changesat the end-plate membrane, 
and the resultant non-linear summation of the unit potentials which make up 
the e.p.p. 
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THE MUSCULARIS MUCOSAE OF THE OESOPHAGUS OF 
THE CAT, RABBIT AND RAT 


By F. BARBARA HUGHES 
From the Department of Physiology, King’s College, University of London 


(Received 11 March 1955) 


The motor activity and responses to drugs of the intestinal muscularis 
mucosae have been extensively studied in animals (Gunn & Underhill, 1914; 
King & Arnold, 1922; King, Arnold & Church, 1922; King & Church, 1923; 
King & Robinson, 1945; King, Glass & Townsend, 1947) and the behaviour of 
human gastric mucosa has been described more recently by Walder (1953). 
These investigations have provided much interesting information, but they 
throw no light on the possible normal functional relation between motor 
activity in the muscularis mucosae and that in the underlying main muscle 
coats. In the oesophagus, however, the chief muscle layers may be striated 
throughout, as in the rabbit and rat, or a mixture of striated and smooth 
muscle, as in the cat and human. Since the muscularis mucosae of this region 
has not so far been investigated it seemed of interest to study the behaviour 
of isolated oesophageal muscularis mucosae from certain of these species (cat, 
rabbit and rat) with a view to (a) comparing its responses to drugs with those 
already described for other regions, and (b) ascertaining whether the presence 
of striated muscle in the adjacent layers of the gut wall influenced in any 
| demonstrable way the behaviour of the muscularis mucosae. _ 


METHODS 


The method of separating the muscularis mucosae from the outer muscle coats was similar to that 
described by Gunn & Underhill (1914). The cats were killed in a variety of ways, the rabbits and 
) rats by a blow on the head. The oesophagus was removed immediately, together with a small 
portion of the stomach and placed in cold Krebs’ solution (Krebs & Henseleit, 1932). The stomach 
tissue was then removed by cutting along the white line on the mucosal surface which denotes the 
cardio-oesophageal junction. The oesophagus was divided into three equal portions and the mucosal 
layer, including the muscularis, obtained as a tube by making a longitudinal incision through the 
outer muscle layer and dissecting it off. 
The mucosal tube was then suspended in a bath (capacity 100 ml.) containing oxygenated 
Krebs’ solution (+5% CO,) at 37°C and attached to a light lever writing on smoked paper. All 
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rabbit and rat preparations were used immediately after death, but those from cats were frequently 
kept at 5° C for 24 hr before use. This was found to have no effect on the nature of the responses 
obtained, All concentrations of drugs mentioned are the final bath concentrations after addition, 


A  T=30sec T=1 min 
ACh Adr. Physo. ACh Atrop. 
(6) 
Fig. 1. Isolated muscularis mucosae from the lower third of the oesophagus of the cat (a) and — 
rat (b). a, Acetylcholine 3 x 10-* followed by adrenaline 1 x 10~*; 6, physostigmine 5 x 10-* 
followed by acetylcholine 5 x 10-7 and atropine 1 x 10~’. 


RESULTS 


Spontaneous contractions were usually observed in preparations of the lower 
oesophageal regions from the cat and rabbit, but never in preparations from 
the upper third of the oesophagus in these animals, nor from any part of the 
rat oesophagus. Preparations from all regions, and in general from all animals 
studied, gave similar responses to the drugs used (see below) but in all cases 
those from the lower third of the oesophagus were greater than those from the 
middle or upper third. 

Acetylcholine. Addition of acetylcholine chloride (1 x 10-* to 1 x 10-") to the 
bath caused immediate and sustained contraction, often with increased 
rhythmic movements (Fig. 1a). No inhibition was ever observed. The response 
to acetylcholine could be blocked or antagonized by atropine (1 x 10-") or 
adrenaline (1 x 10-* to 5 x 10-”) (Fig. 1a, b). 

Physostigmine. A slowly developing contraction, reaching a maximum after 
10-15 min, was produced by physostigmine salicylate (1 x 10-’ to 1 x 10-*). 
A dose of physostigmine ineffective in itself (1 x 10-* to 1 x 10-’) enhanced the 
response to acetylcholine (Fig. 1). 

Pilocarpine. A strong contraction, usually with a marked increase in 
rhythmic activity, was produced by pilocarpine nitrate (1 x 10-* to 1 x 10-"). 
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The spontaneous activity frequently persisted even after repeated washing. 
The response of rat preparations to pilocarpine was weak and spontaneous 
contractions were never observed. 

Adrenaline. Inhibitory responses were observed in all three animals and 
appeared to be the primary response. However, both inhibitory and motor 
responses were obtained from cat and rabbit preparations, the nature of the 
response depending on the dose used and the tone of the muscle. Inhibition 


Fig. 2. The response of cat muscularis mucosae to pilocarpine 7 x 10-* followed 
i by adrenaline (2 x 10-*). Wash at W. 


was most readily demonstrable with a small dose of adrenaline (1 x 10-* to 
5 x 10"), When the tone was high, inhibition involved both tone and spon- 
taneous activity (Fig. 2), but when the tone was low, only an inhibition of 
spontaneous movements was seen (Fig. 3). ? 

Motor effects of adrenaline could only be demonstrated in unstimulated pre- 
parations and slightly larger doses (2 x 10-? to 1 x 10-*) were required (Fig. 4). 
The rhythmic contractions elicited usually lasted for 1-2 min, but sometimes 
a small long-sustained contraction was observed. The motor responses to 
adrenaline were not affected by atropine (5 x 10-*). 

In rat preparations only one type of response to adrenaline was observed. 
Doses of 3x 10-* to 7x 10-* relaxed a preparation already stimulated by 
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acetylcholine (5 x 10-*). No effect was produced by similar or larger doses on 

— unstimulated preparations. 

4 Histamine. Contractions were regularly produced by histamine acid phos- 
phate only in cat muscularis mucosae. Doses of 2x 10-* to 1x 10-" caused 
immediate contraction and frequent increase of spontaneous contractions 
(Fig. 5). In rabbit preparations a contraction was occasionally elicited but 

none was ever observed in the rat. 


T=1 min 
Adr. 
Fig. 3. Rabbit muscularis mucosae. Temporary inhibition of spontaneous movements 
by addition of adrenaline 2 x 10-*. 


20 ug 100 W ug 100 ug Ww 

Adr. Adr. ACh Adr. Adr. 


Fig. 4. Cat muscularis mucosae. The motor effects of two doses of adrenaline (2 x 10-’ and 
1 x 10-*) are shown in the first part of the figure, i.e. with the preparation in a low state of 
tonus. 
figure, after acetylcholine. Wash at W. | 
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Barium. Doses of 1x 10-* BaCl, caused immediate contraction which was 
not blocked by atropine (1 x 10-*), 

Pituitary extracts. No responses were observed to whole pituitary extract 
or the oxytocic and vasopressin fractions. 

Atropine. No effect of atropine (4 x 10-* to 1 x 10-”) was observed with un- 
stimulated preparations, although it caused a relaxation of those stimulated 
with cholinergic drugs. 


T=1min 
Hist. Ww 
Fig. 5. The response of cat muscularis mucosae to histamine 2 x 10-*. Wash at W. 


D-T'ubocurarine. Small doses (1 x 10-*) of p-tubocurarine chloride were in- 
effective, but large doses (2 x 10-*) blocked responses to parasympathomimetic 

Nicotine. Contractions lasting 3-4 min were produced in cat and rabbit 
preparations by nicotine hydrogen tartrate (2:5 x 10°). After a second dose 
was shown to be without effect, indicating that the ganglia of the submucosal 
plexus had been blocked, responses to adrenaline and acetylcholine could still 
be obtained (Fig. 6). 

Hexamethonium. After a dose of hexamethonium chloride (1 x 10-*) con- 
sidered to be adequate to block the ganglia, responses to acetylcholine and 
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adrenaline could be obtained as before. In cats, but not rabbits or rats, 
hexamethonium initiated large rhythmic contractions which “ee be blocked 
by adrenaline (2 x 10-*). 
Histological study 

Histological examination showed that in all three animals the muscularis 
mucosae increased in thickness towards the stomach and in the lower third 
was comparable in thickness to either of the outer muscle layers. In the upper 
region of the oesophagus the muscularis mucosae was very thin and sometimes 


absent altogether. Even where, as in the upper part of the cat’s oesophagus, - 


the outer coats were striated muscle, the muscularis mucosae was always 
composed solely of smooth muscle. 


vt 
Nic. W Nic. 20 ug 50 ug WwW 
ACh. Adr. 
Fig. 6. Rabbit muscularis mucosae. At Nic., 2:5 x 10-* nicotine added to bath. Wash at W.The — 
responses to acetylcholine and adrenali ined unaffected by ganglion blocking doses of 
nicotine. 


DISCUSSION 


The results obtained show that the muscularis mucosae is a well-developed 
and reactive component of the lower third of the oesophagus in the animals 
studied (cat, rabbit, rat), and it may well play a significant role in the motor 
activity of this region. It is shown that the muscularis mucosae is capable 
of undergoing spontaneous contractions, and this property is best defined 
in the lower region of the oesophagus. Longitudinal or diagonal suspension of 
the mucosal cylinders proved most satisfactory; with circular suspension, 
contractions were barely perceptible. This indicates that in the oesophagus, 
there is no circular component of the muscularis mucosae equivalent to that 
found in the intestine, where the circular fibres are considered to be of physio- 
logical significance (King et al. one 


eg 
= 
¥ 
wal 
<5 
4% 
a un 
, 
, 
3 * 
4 
4 
“a 
a 
" 
* 
( 
i 
“ 
% 
4 
® 
Ry 
4 


OESOPHAGEAL MUSCULARIS MUCOSAE 129 


Many of the responses to drugs in these experiments are similar in character 
to those reported by others for gastric and intestinal muscularis mucosae. The 
response to adrenaline, however, appears to vary in different regions of the 
alimentary tract. As has been shown here, oesophageal preparations give 
either an inhibitory or motor response, depending on the dose used and the 
tone. The inhibitory response is more readily obtained as judged by the con- 
centrations necessary to elicit both types of reaction. On the other hand, 
Walder (1953) found that human gastric muscularis mucosae from the greater 
curvature contracted to adrenaline, while that from the lesser curvature 
relaxed. Others (Gunn & Underhill, 1914; King & Arnold, 1922; King & 
Church, 1923; King & Robinson, 1945) have reported contraction of intestinal 
muscularis mucosae in response to adrenaline, but not relaxation. — 

The similarity in the responses obtained from cat preparations on the one 
hand, and those of the rat and rabbit on the other, indicate that the nature 
(smooth or striated) of the adjacent outer muscle coats of the oesophagus does 
not affect the response to drugs of the isolated muscularis mucosae. 


SUMMARY 


1. The muscularis mucosae is poorly developed in the upper part of the 
oesophagus but well developed in the lower part. 

2. The im vitro activity of oesophageal muscularis mucosae of the cat, 
rabbit and rat was studied. Preparations were caused to contract by acetyl- 
choline, physostigmine, pilocarpine, histamine (cat only), barium and nicotine 
(cat and rabbit). 

3. Adrenaline may cause contraction or relaxation j in the cat and rabbit 
according to the state of tone of the preparation and the dose of adrenaline 
used, but only inhibitory responses were observed in the rat. 

4, The responses to acetylcholine and pilocarpine were blocked with 
appropriate doses of atropine and p-tubocurarine. 

5. The presence of striated as distinct from smooth muscle in the adjacent 
outer muscle coats of the oesophagus did not appear to affect the drug re- 
sponses of the muscularis mucosae. 


I would like to thank Prof, R. J. 8. McDowall for his help given throughout the course of this 
work. Grants have been received from the London County Council, King’s College and the Reid 
Trust and are gratefully acknowledged. Ltd. for 
kindly supplying the adrenaline. | 
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-MEASUREMENT OF THE SCOTOPIC PIGMENT IN THE 
LIVING HUMAN EYE 


By F. W. CAMPBELL anp W. A. H. RUSHTON 
From the Physiological Laboratory, Cambridge 
(Received 11 March 1955) 


This paper describes a technique designed to measure rhodopsin in the living 
human eye. From the experiments quoted one may obtain an idea of the pre- 
cision of the method and gain some grounds for believing that it is in fact 
rhodopsin which is measured. 

The work of Kiihne on the one hand, and the founders of the Duplicity 
Theory on the other, have made it clear that rhodopsin plays an important 
role in scotopic vision, and it is now pretty universally held that human rods 
contain rhodopsin whose photochemical change constitutes the first step in 
the process of twilight vision. It is outside the immediate scope of this paper 
to discuss the very considerable amount of work which, following the lead of 
Hecht and Wald, has attributed to the bleaching and resynthesis of rhodopsin, 
the changes in visibility during the light and dark adaptation. It will be 
allowed that since this bleaching and resynthesis has not hitherto been 
measured in the human eye, a technique which can do this should place such 
theories upon @ surer foundation. 

Until recently the only method used to measure rhodopsin from any source 
has been to excise the eye and to examine the rhodopsin either in the rods or 
extracted from them. In the living eye something different must be done. 
Abelsdorff (1895, 1897, 1898) observed but did not measure the rhodopsin (or 
porphyropsin) in crocodiles and some fish with white tapeta, while they were 
alive and unanaesthetized. He simply clamped the animal’s head and looked 
at the fundus oculi with an ophthalmoscope. The purple colour he saw against 
the white background could be bleached locally at the image of a bright light, 
and later the purple was seen to be ‘regenerated’. He correctly interpreted 
his observations and pointed out the difficulty of doing the same sort of thing 
in man—that the human fundus is lined with black not white, so very little 
light returns, and one cannot appreciate its colour. We in fact have never 


been able to see any detectable change in the appearance of the human fundus, 
9-2 
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even though we had good reason to suppose that a small known area with a 


crisp margin was completely bleached. 

It is surprising that no development has been made in the ophthalmoscopiec 
method of rhodopsin measurement until recently, for the technique of Brindley 
& Willmer (1952) requires only such equipment as has been available for half 
a century. They were concerned to measure reflected fundal light chiefly in 
connexion with in vivo estimates of the macula lutea. They matched in a 
bipartite field the fundal light against a comparison light which could be 
varied by means of a photometric wedge. When light of wavelength 0-5 was 
used with a dark-adapted subject they found that the initial setting very 
quickly became out of balance. This they attributed to bleaching of the 
rhodopsin of the retina by the fairly bright light required to make the 
match. 

This partial success encouraged one of us to develop a photocell technique, 
and experiments were first performed in collaboration with Brindley upon 
cats (Rushton, 1952). These were soon abandoned when they were found to 
exhibit quick changes which superficially resembled rapid photo-chemical 
reactions, but did not have the corresponding action spectrum, and were 
tentatively attributed to reflex changes in the diffraction patterns upon which 


the characteristic colour of the tapetum is known to depend. The work was _ 
continued with Brindley upon the albino rabbit which has no diffracting © 


tapetum and where none of this difficulty arose (Rushton, 1953a, 6b). The 
technique was improved in conjunction with Hagins (Hagins & Rushton, 1953) 
and though this work has not yet been published in detail, a recent description 
of the method and type of result obtainable (Rushton, Campbell, Hagins & 
Brindley, 1955) shows the power of the technique. There is no doubt that 


rhodopsin can be measured with considerable accuracy in the anaesthetized 


albino rabbit. This knowledge has encouraged us to proceed with the problem 
of the human eye whose smaller aperture and black fundus makes the 
technique a great deal harder. The principles of the method and summary of 
some results have already appeared in preliminary notes (Campbell & Rushton, 
1954; Rushton & Campbell, 1954), and in an account appearing elsewhere 


(Rushton e al. 1955). Though all the experiments are different from those 


described here, the conclusions are similar. 


METHOD 


Principle 
The density of retinal rhodopsin is to be measured by ‘ viewing’ the fundus oculi with a photocell 
in green light. Any increase in rhodopsin density will absorb more green light and diminish the 
signal from the photocell. Since the change expected is very small it is important to eliminate any 
other factor which could vary the output of the photocell. 
Principal factors are: (i) variation in the brightness of the light source; (ii) variation in the 
amplification of the photocell signal; (iii) small movements of the eye and head; (iv) ‘noise’ 
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variations of signal from moment to moment since the signal light is very weak and the amplifica- 
tion great. We have taken ordinary precautions in the first place to make these factors as small as 
practicable, but the apparatus is designed in addition to reduce the effects to second-order 
magnitudes. 

Using the fact that rhodopsin is practically transparent to orange-red light we have balanced 
the photocell output in green light against the output in orange light. The balance point is prac- 
tically unaffected by change (i) above, but it still measures directly the change in rhodopsin 
density. This device equally eliminates effect of variation (ii). The way that the green light is 
balanced against the orange is to apply the two lights in rapid alternation along the same path. 
In this way, though eye movements are always more or less troublesome, the shift applies equally 
to both lights, and the situation becomes manageable. Random ‘noise’ can always be reduced in 
relation to a regularly repeated signal by integrating over sufficient time. In the present case this 
is limited by the need for making measurements quickly in changing conditions. Our compromise 
is an integration period of 1 sec or so. In detail the apparatus is as follows: 


L, 


Fig. 1. Diagrammatic representation of the rhodopsinometer. Not to scale. 
See under Methods for description. 


The rhodopsinometer (Fig. 1) 

Light was focused on to the subject’s pupil by the lens L, passing through the variable dia- 
phragm Dy, and an ellipitical hole in the silvering of the mirror M,, so that a 5° cone resulted and 
illumined a corresponding circular patch of retina. Light reflected at the choroid passed again 
through the retina and after reflexion at M, fell upon Z,. This was an f2, 50 mm camera lens 
attached to a Wrayflex camera, which formed an image of the illuminated patch of retina in its 
focal plane at D, (for the emmetropic eye). The variable diaphragm D, was diminished so that only 
about 2° in the centre of the 5° image was allowed to pass. In this way eye movements of 1° might 
occur without the image being lost. 

The aperture D, not only selects precisely the desired region of illuminated retina, but it is a 
powerful excluder of stray light. For any light which is not parallel on entering L, will form a 
diffuse blurred image in the plane D, and only a fraction will be admitted through the small hole 
which, however, accepts all the light transmitted by L, from the 2° patch of retina. 
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An image of the cornea is formed at the plane a, a and by mounting L, upon a suitable extension 
tube from the camera, the cornea and pupil could be viewed through the reflex focusing system of 
the camera. This permitted exact adjustment and centring of the optical system. Considerable 
care is required to eliminate light reflected at the anterior surface of the cornea, for this is so bright 
that even after passing through D, it could swamp the faint signal from the retina. In most 
experiments it was excluded by suitably decentring the incident beam on the subject’s pupil. On 
a few occasions it was excluded by placing a small piece of plasticine on a glass plate in the plane a, 
a adjusted so as to block the real image of the corneal reflex there. In this manner a fairly pure 
light signal from the illuminated patch of retina fell upon the cathode of a photo-multiplier tube P, 
placed just behind a, a. | 

In order to compare the photocell signals in orange and in blue-green light, the beam incident 
upon the eye flickered between these two colours by the following arrangement. The image of a 
compact filament lamp (6 V 36 W car head light) was focused by the lens L, upon a rotating trans- 
parent wheel W, one half of which transmitted orange and the other half blue-green by the in- 
corporation of suitable Ilford filters (nos. 204, 623). The diverging beam is focused again by L, 
upon a small diaphragm D, with an aperture of 0-75 mm, and on the way it passes through a cyan 
colour wedge (Ilford, RA) and a purple colour wedge (Ilford GA). D, selects a portion of the 
filament which is uniformly bright and a small image (2 mm diameter) of aperture D, is formed in 
the plane of subject’s pupil by the achromatic lens L,. Movement of the coloured wedges permits 
a delicate adjustment of the relative intensities of the orange and blue-green beams, and in this 
way the alternating photocell outputs can be balanced. If bleaching removes some purple from 
the retina, the balance may be restored by introducing a corresponding increase of purple in the 

wedge. In this way the change in retinal rhodopsin is read directly by the change in purple wedge 
setting required to maintain the photocell balance. 

Modern photocell sensitivity is the key to the success of the method. Very little of the light 
incident upon the retina can reach the photocell, and if the incident light is made too strong, the 
rhodopsin will be bleached away before it can be measured. In the earlier experiment we used an 
RCA 931 A, 9-stage photomultiplier tube specially selected for high sensitivity and low noise level. 
In later work we had an EMI 11-stage tube with improved performance. 

The output of the photomultiplier after passing through a cathode follower stage was displayed 
upon a cathode-ray tube to monitor the level and nature of the performance. But signal-to-noise 
ratio was much improved by reading the balance after integration. We are indebted to Dr Franken- 
haeuser of Stockholm for the following neat arrangement. 

The output from the cathode follower was passed (Fig. 1) through a commutator mounted upon 
the shaft of the colour wheel. The contacts were arranged to connect the signal to one or other of 
two condensers. The change-over coincided with the change in colour of the light, so that one 
condenser acted as a reservoir for the output from the orange signal, the other from the blue- 
green. The time constant was about 1 sec, the rate of alternation about 20 c/s. The condensers 
were each joined to the grid of one of a pair of cathode followers between whose cathodes a sensitive 
galvanometer was connected. Equality of photocell output was detected by null deflexion of the 
galvanometer. Change from zero was immediately restored by a corresponding movement of the 
purple wedge, and in the experiments a zero setting took 5-7 sec to make. 

In some experiments it was necessary to project a bright white or coloured light on to the part of 
the retina being investigated. This was achieved by means of an auxillary light source 8, (36 W, 
6 V car headlamp) with condensing lens L, and diaphragm D,. This beam could be brought into 
line with the rest*of the optical system by means of a mirror or mixing cube placed at 45° before 
lens L,. The intensity or colour could be varied by placing filters and a neutral wedge in the path- 
way of the beam. 


The brightness of the measuring and bleaching lamps was controlled and monitored by con- 


ventional means. Luminances were measured with an S8.E.I. photometer which was calibrate at 
frequent intervals against a standard lamp calibrated by the National Physical Laboratory. 


The subject’s head was steadied by means of a dental wax mouth grip and a firm forehead :est. | 
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The region of retina sampled was controlled by adjusting a red fixation mark at the required angle. 
Pupil dilatation was ensured by instilling homatropine hydrochloride 2% and Paradrene into the 
conjunctival sac. 

Unless otherwise stated, W.A.H.R. was the subject using his left eye and F.W.C. was the 
observer. 


RESULTS 


If the apparatus described is capable of measuring the rhodopsin density in 
the retina at any moment, it should reveal characteristic changes in the course 
of light and dark adaptation. We shall first give one or two examples of such 
changes in order to make clear the sort of results obtained. We shall then 
assemble the evidence that it is rhodopsin that we measure by a more exact 
investigation of bleaching as a function of time, of wavelength and of retinal 
position. 
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Purple wedge displacement (cm) 
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Fig. 2. Time course of bleaching (©) and subsequent dark regeneration (@) of retina. Intensity 
of bleaching light 50,000 trolands, ending with a very bright flash at 6 min. 


The simplest way to measure the time course of bleaching is to use the 
measuring light so strong that it will itself perform some bleaching. In this 
way the sensitivity of the measurements is high, and no manipulation has to 
be made during the course of bleaching except to move the purple wedge so as 
to keep the null galvanometer in balance. Fig. 2 gives the result of such an 
experiment. 

The ordinates are plotted in cm change in the balance position of the purple 
wedge: the absolute value is arbitrary. The eye had been dark adapted for 
about 15 min, and at zero time the bright measuring light fell upon a region of 
the retina 15° temporal to the fovea. Fixation was maintained throughout the 
entire bleaching. It is seen (white circles) that the wedge is shifted at first fast 
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and later more slowly, reaching equilibrium in about 5 min. The direction in 
which it is shifted introduces more purple into the light path, i.e. it would 
compensate for removal of purple from the retina. 

Now when rhodopsin in a glass cell is bleached by exposure to a constant 
light, the fall in density is at first rapid and later slower as the solution becomes 
progressively bleached and hence less capable of absorbing further bleaching 
light. The curve should be almost exactly an exponential decay. Such a curve 
describes well enough the bleaching in Fig. 2, but in the living eye there is more 
than in a glass cell, for regeneration occurs, and equilibrium will be reached, 
not when all the rhodopsin is bleached away, but when the rate of break-down 
is equal to the rate of regeneration. If this were the condition at equilibrium 

in Fig. 2, the amount of rhodopsin still present should be revealed by suddenly 
applying a very bright flash to the eye. This was done and resulted in a further 
substantial drop in wedge setting. 

The black circles show the dark regeneration curve which followed after a 
short interval (which included a further bleaching flash). The curve is plotted 
starting again at zero time for compactness of representation. In this case the 
subject remained with his eyes closed (but with head still held in position), 
except for a brief period of about 5 sec every 2 min. At that time he was in- 
structed to open his eyes and fixate, and a measurement was taken with the 
same strong measuring light which caused the exponential bleaching curve. 
After 14 min most of the rhodopsin appears to have regenerated, and some- 
what more would no doubt have done so but for the brief bleachings every 
2 min. It will be recollected that the whole experiment began after 15 min 
dark adaptation, and so the return towards the initial conditions is satisfactory. 

_ Fig. 3 shows the results of somewhat different conditions of light adaptation. 
In this case the measuring light was 0-1 the brightness of the former case. 
Bleaching was performed by white light from the side arm, applied by 
swinging the mirror M, (Fig. 1) into the optic axis. The bleaching light was 
applied for 23 sec and the measuring light for 7 sec in each half minute. Three 
different bleaching strengths were used, 1, 5 and 100 units of intensity. Each 
causes a bleaching of exponential type to reach an equilibrium where the rate 
of bleaching balanced the regeneration rate. The dark regeneration curve is 
similar to that of Fig. 2, though in Fig. 3 the measuring light was much weaker. 
Both curves are exponential in form and return half way to full regeneration 
in 6 min. 

The results shown in Figs. 2 and 3 appear consistent with the belief that we 
are measuring the level of retinal rhodopsin in the various conditions of light 
and dark adaptation described, and we have interpreted the curves in this 
way in order to make the facts readily comprehended. But it is the facts of 


the curves, not our interpretation which we won to stress at this stage. Jur — 


analysis follows. 
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Fig. 3. O—O, effect of bleaching the dark adapted retina with lights of intensities 1, 5 and 
100 units (1 unit = 20,000 trolands), @—@; dark regeneration time course. 


A. The Bunsen-Roscoe law 


Any process described by the bleaching curves of Figs. 2 and 3 is bound to 
exhibit some kind of inverse relation between the intensity of the bleaching 
light and the duration of its application. The present experiments were per- 
formed to find how accurate is the relation — 


It =constant 


and over what range this holds. 

The method was to dark-adapt for 15 min and fixate so that the flash 
always fell exactly upon the same region of the retina. The wedge balance point 
was measured a few times initially (using a rather weak measuring light to avoid 
bleaching), then the mirror (M,, Fig. 1) was thrown in to cut off the measuring 
light and permit bleaching from the side arm. The bleaching light was then 
applied for the required time and finally the wedge balance was again measured. 
The subject then dark-adapted for 15 min and the procedure was repeated 
with a change in the value of J and an inverse change in ¢ so that Jt=k. 

The bleaching intensity was varied by neutral filters placed in the path of 
the bleaching light whose steady intensity was monitored by a photocell. The 
shorter exposure times were controlled by a shutter consisting of slots in a 
disk on the axis of a synchronous clock mechanism (4 rev/min). 

The results of one experiment are set out in Table 1 in which (except for the 
line at the bottom) the values of Zt are kept constant throughout at 10’ 
troland-sec. The first column gives the exposure time (the intensity varying 
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inversely). The next two columns give the actual wedge settings as they were 
taken before and again after the bleaching exposure. The initial measurements 


show slight bleaching by the measuring light since repeated readings tend to 
_ rise. The final readings likewise tend to fall, indicating a little regeneration. 


We have therefore in general taken for the difference, tabulated in the last 
column, not the means of the readings but the last reading before bleaching 
and the first after it. Though the results have been entered in order of in- 
creasing exposures, the measurements were obtained in an irregular order over 


TABLE 1, Rhodopsin bleaching due to a given total energy of white light 


eect delivered in various exposures. 
Wedge settings (mm) 
(sec) Initial Final Difference 
0-3 24 28 28 71 70 170 43 
32 32 33 42 
3-0 24 25 27 69 68 66 42 
31 31 31 74 74 — 43 
— «80 30 30 31 73.70 68 42 
29 31 7472 — 43 
48 33. 33 4 7232 — 41 
90 27 28 29 66 656 37 
35 35 — 3 —- — 38 
300 35 36 — 66 — — 30 
42 41 — 73 73 172 31 
48 32 33 34 


The difference column gives the change in setting immediately before and after the exposure. 


a large part of the day. So the repeated results represent a stability of measure- 
ment over several hours. It will be seen that the difference upon bleaching is 
more constant than the initial values of wedge setting. Very small movements 


of the head in its rest produce a few mm fluctuation. This can be controlled. 


when the subject has simply to remain in position for a rather short time, but 
there will almost inevitably be some change when he returns after 15 min dark 
adaptation. 

The figures in Table 1 show that Jt=k holds fairly exactly for times up to 
48 sec. A deviation is perhaps occurring here, by 90 sec the net bleaching 1 is 


definitely less, and there is a marked deficit at 300 sec. 


‘If the figure 43 for the change on bleaching represented the entire bleaching 
of which the retina was capable, then the fact that several of the bleaching 
exposures gave this value would not prove that they were equally effective 
but only that they all were effective enough to bleach entirely. This inter- 
pretation is excluded by the final entry at the foot of Table 1, where it is seen 


that a tenfold stronger bleaching exposure Jt=10* troland-sec produces @ 


change of 53. So 43 cannot represent total bleaching, and hence equal ha 
in the table signify equal en of the bleaching exposure. © 
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B. The spectral sensitivity 

In the study of the visual pigments, by far the most common and satisfactory 
way of identifying the pigment involved is to determine its absorption spectrum. 
Our apparatus with its orange and green filters fixed in the colour wheel, does 
not permit us very readily to measure the absorption spectrum, but it is 
possible to investigate the action spectrum, that is, the relative efficacy with 
which lights of different wavelengths produce their effect in conditions similar 
to those considered in the previous section. The action spectrum is generally 
far harder than the absorption spectrum to determine, and involves some 
careful energy calibrations. Moreover, any application to the human eye 
requires an estimate at each wavelength of the transmission losses through the 
eye media of the subject in question. Both these difficulties may be neatly 
circumvented in the present case by the following considerations. 

It is generally admitted that the conditions for two scotopic fields to appear 
equally bright is that they should be equally effective in bleaching the 
rhodopsin in the retina. Thus we have only to make a scotopic match of various 
spectral colours to secure at once the condition that they should bleach equally. 
By removing neutral filters from the path of the matched lights they are in- 
creased in brightness to a level where they may cause substantial bleaching. 
If then rhodopsin is what we measure, the two lights should cause an equal — 
change in our wedge setting. It will be observed that since the scotopic match 
is made by the subject of the subsequent bleaching experiment, the method is 
self-compensating for transmission losses through the eye media. 

The conditions of bleaching were similar to the experiments in section A, 
but in the side path of the bleaching light was a neutral wedge and one of the 
set of Ilford Spectrum filters. After 12 min dark adaptation the subject made 
a scotopic match of the colour to be used in the next bleaching measurement. 
This was carried out by standing away from the apparatus so the unobstructed 


bleaching beam passed across the room in a 5° cone and, much attenuated, fell 


upon a normal surface of white card. A similar surface at right angles received 
the light from a weak comparison source, and the subject matched the two by 
viewing each from 45° and using about 20° of surface as matching field. The 
operator adjusted the neutral wedge in the path of the spectral bleaching light 
and determined the position where the subject judged the fields to be equal 
(correct to density 0-05). | 

The light as received upon the white card was above the scotopic level and 
the subject made the match looking through two density 1-0 ‘neutral’ filters 
held close to the eye. To correct for non-neutrality, separate measurements 
using the light of each spectral filter were made of the relative detisity of the 
‘neutrals’, and of the reflectivity of the white card as compared with MgO 
freshly deposited upon a mirror. The operator made the appropriate correction 
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for non-neutrality thus measured, when he set the final adjustments of the 
bleaching lights. 

The procedure for bleaching was much the same as in section A. Initial 
dark-adapted readings of the purple wedge were taken, then the matched 
intensity of light was exposed for 30sec and the change in wedge balance 
determined. Finally, in most cases a further 60 sec of bleaching was given with 
the same light and the total change of wedge setting found. 

Table 2 gives one experiment where conditions were fairly stable and 
repeatable. The colours were selected in an irregular order to prevent pro- 
gressive changes appearing as a regular function of wave length. But in fact 
progressive changes were not noticeable as appears from duplicate deter- 
minations which were made at an interval of some hours from one another. 


TaBiE 2. Rhodopsin bleaching due to two fixed exposures of various monochromatic lights whose 
relative intensities had been matched to give an equal scotopic brightness. 


Filter in Difference 


bleaching light after 30 sec Total 
601 Violet 34 v4 
602 Blue 39 47 
603 Blue-green 33 A 
36 45 
605 Yellow-green 31 48 
34 45 
606 Yellow 
607 Orange 31 
1 41 
White 40 48 
604 (-0-2 Neutral) 43 oom 
42 
604 (+0-2 Neutral) 27 


Wissching with a gives » totel change 


The first column of Table 2 gives the number of the Ilford Spectral filter 
with its colour. The transmissions of these filters in slightly different conditions 
of illumination are shown in Fig. 5 of Denton & Pirenne (1954). The actual 
wedge settings (which are not included in Table 2) exhibited just about the 
same consistency and scatter as in Table 1. The second column shows the 
change in wedge setting after 30 sec bleaching, the third column the total 
change after a further 60 sec bleaching. All the 30 sec bleaching values lie 
within the extremes of 31 and 40 mm of wedge, and the question is what 
change in light intensity would be responsible for this variation. At the foot 
of the table are shown the results of bleaching with green light in which a 
density of 0-2 was added to or subracted from the standard matched level. |t is 
seen that these values lie well outside the extremes of bleaching with matclied 
hght of any colour. Moreover, the variations which do appear among ‘he 
different colours cannot be held significant, since the extremes of the list, 
orange, blue and white, gave, as it happened, bleaching values identical w'th 
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each other in a comparable experiment 4 days previously. It seems, therefore, 
reasonable to conclude that the change we measure has the same action 
spectrum as scotopic visibility to well within 0-2 AY unit over _ whole 


spectrum. 
C. The retinal distribution 


It is well known that rhodopsin is found only in the rods, and that the 
distribution of rods in the human retina is far from uniform; in particular there 
are none upon the fovea or the optic disk. If then the change we measure 
represents the bleaching of rhodopsin, it should be absent from those two 
special regions and elsewhere it might be expected to go somewhat hand-in- 
hand with the rod distribution. 

In Fig. 2 of a preliminary publication (Rushton & Campbell, 1954) we cote 
the well-defined exponential time course of bleaching which is obtained by a 
steady light applied to a point 15° temporal to the fovea (similar to Fig. 2 of 
this paper). We also showed that when the light was applied to the fovea or 
optic disk and a 1° patch measured in the centre of each of these regions, there 
was no change in wedge setting—a 1 or r2 mm fluctuation instead of the 50 mm 
change. 

We have used this method Sethcenahicnliy: | in a series of retinal locations 
along the horizontal meridian. For each point the bleaching curve was obtained 
and from such curves the retinal content of rhodopsin determined. This was 
performed upon two subjects and gave more or less the same distribution; the 
distribution for one of them (W.A.H.R.) is appearing elsewhere (fig. 8, 
Rushton et al. 1955) and is also included in Fig. 4 of the present paper. 

There are several difficulties in using the moderate bleaching lights and 
3 min exposures necessary for determining the time course of bleaching. For 
instance, it is not easy to maintain good steady fixation throughout 3 min with 
eyes deviated 40° from their normal position. The method of short bright 
exposures in sections A and B, on the other hand, gave such consistent results 
that we decided to repeat the measurements of retinal distribution of rhodopsin 
along the horizontal meridian using this technique. The details are as follows. 

After a preliminary dark adaptation period of 15 min the subject fixated upon a red light placed 
at a measured angle from the bleaching-measuring axis. The camera-photocell equipment had now 


to be brought into adjustment so that it would receive light from the centre ofthe 4° illuminated = =. 


retinal patch without contamination from corneal reflex, etc. The adjustment was made in the 
light of the beam passing through the orange sector of the stationary colour wheel. This light had 
been shown not to bleach appreciably. The camera was correctly aligned, and the diaphragm in 
the retinal image plane (D,, Fig. 1) stopped down to admit 1}° in the centre of the bright 4° retinal 
image. 

After 5 min further dark adaptation the usual sequence of operations for flash bleaching were 
made, First a few wedge measurements were taken using a fairly weak measuring light, then the 
very bright 3 sec flash was applied and finally a few more wedge measurements were taken. 

The fixation point was then moved by at least 30° and the adjustment to the new position 
begun at once. Preliminary measurements had established that very intense bleaching at one 
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point did not affect detectably the wedge setting at a point a few degrees distant, so we did not 
wait to dark-adapt when passing from one point to another at some distance from it. In this way 
forty determinations could be made at one session. The bleaching flash was strong enough to 
3 sec. 


In Fig. 4 the black circles show the results obtained by this technique, the 
white circles by the earlier technique. The two sets are in reasonable agree- 
ment. Both show that no bleaching occurs at the fovea or optic disk, and in 
other places the amount depends in a characteristic way upon the distance 


— 100 
= 
i 40 
202 
Nasal Degrees Temporal 


Fig. 4. Relative amounts of bleaching obtained along the horizontal meridian. ©, measurements 
ohtained by steady bleaching; @, measurements obtained by bright flashes. Continuous line 
is the rod count per sq.mm along the horizontal meridian of the human eye as published by 
QPsterberg (1935). 


from the fovea. It is clearly relevant to ask how does the distribution of rods 


depend upon the distance from the fovea. The authority upon this is Osterberg 
(1935) and the curve shown in Fig. 4 is taken from that source as replotted 
by Pirenne (1948) in terms of angular distance from the fovea instead of mm 
along the retina. Osterberg’s material was from a fresh human retina, and the 
curves record the rod density at various points along the horizontal meridian 
by actual rod counts of a large number of sample areas. 


Contours of equal density were found to be roughly circles with the fovea as centre (the region 
of the optic disk excepted). This has justified Osterberg in composing his curve out of counts which 
did not always lie upon the horizontal meridian, but deviated as much as 30°. We too, have 
deviated for readings beyond 35° temporal where the fixation light could not conveniently be seen 
in the horizontal plane, and those results lie upon the meridian inclined upwards about 40. 
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_ It is clear that there is some correlation between our results and the rod 
density distribution of Osterberg. If we had reason to believe that we were 
measuring rhodopsin density then it would be natural to expect that where the 
rods were dense we should find great bleaching, where sparse we should bleach 
little and where absent we should not bleach at all. These conditions are seen 
to be fulfilled. 
DISCUSSION 

Section A established that the Bunsen—Roscoe law holds for the change we 
measure for durations of light exposure up to about 48 sec. The direction of 
change in wedge setting for balance can be interpreted in three ways. Either 
some purple pigment is removed, or some blue pigment is generated, or some 
quite other kind of change occurs. 

The first is‘consistent with what Abelsdorff saw in the eyes of crocodiles, 
and what many people following Kiihne have seen in the dark adapted retinas — 
of all kinds of animals when excised and exposed to light. No one has ever 
seen a blue pigment develop as a result of ‘bleaching’, and we do not consider 
it worth while entertaining this possibility. 

The only other likely kind of interpretation which could be given to our 
results is that they are due to the movement of some part of our optical system. 
An important observation in this connexion is that though a 3° bleaching patch 
changes the wedge setting as measured in that patch, it has no effect upon 
measurements made a few degrees outside the patch. This experiment may be 
performed simply as follows. Two fixation points are set up 6° apart, and pre- 
liminary adjustments secure that measurements may be satisfactorily obtained 
from either position. Then wedge readings are made from each retinal region 
both initially and after bleaching one region only. It is found that light far 


- stronger than that which ‘bleaches’ the first entirely, is without appreciable 


effect upon the second. | 

It follows that if the wedge change on ‘bleaching’ is due to something moving, 
this must be localized upon the part of the retina ‘bleached’. Thus movement 
of head, eyes, iris and lens etc. are each excluded (even if their apparent 
immobilization is distrusted). We are left with the possible movement of the 
pigment epithelium or of the receptors themselves which, though thought not 
to occur in mammals, certainly occurs in some vertebrates. The stimulus for 
this movement must be some photochemical change which obeys the Bunsen- 
Roscoe law. What this change is we can learn from the results of section B. 

‘Bleaching’ with lights of different wavelengths showed that lights of equal 
scotopic visibility produced equal changes in wedge settings. From this we 
must conelude that it is the absorption of light by rhodopsin which causes the 
photochemical reaction producing the change we measure. 

if this change were the movement of the pigment epithelium, it does not 
accord with Kiihne’s (1877) observation in the frog that the movement, so far 
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from being provoked by rhodopsin absorption, was stimulated by red light 
- even more than by white. Nor is it easy to suppose that movement whether of 
epithelial or receptor cells could take place so rapidly that in a 0-3 sec flash 
the whole change has been made and is beginning to return by the time—a few 
seconds later—that a measurement can be taken. Moreover, it is by no means 
clear why the effect of such a movement should be equivalent to the removal of 
a purple pigment. 

Up to this point we have not sought the support which can be derived from 
animal experiments. But the measurements which Brindley, Hagins and 
Rushton have performed with the albino rabbit, and Weale (1953) with the cat, 
greatly strengthen the case that the change we measure not only is produced 
by rhodopsin bleaching, but in fact 7s the rhodopsin bleaching. 

The description of one such experiment (Rushton et al. 1955) shows the 


change in the light reflected back from the eye after bleaching. The method - 


allowed measurement to be taken in light of different wavelengths so that a 
difference spectrum could be obtained, and as Fig. 3 of that paper shows, the 
change which occurs on bleaching has the difference spectrum of rhodopsin. 
In the rabbit therefore the change in reflected light certainly represents the 
_ bleaching of rhodopsin, and strengthens the case that in the human eye it does 
so too. 

We may now turn to section C and speak with more confidence of Fig. 4 as 
a plot of the rhodopsin distribution in the retina. But this interpretation 
immediately raises the question ‘Why is the rhodopsin density as measured, 
then, not proportional to the rod density of Osterberg?’ There is no reason why 
it should be. Ifthere were no stray light and none reflected back except through 
the rods, the density as measured would be just the density in the rods inde- 


pendent of the number of rods per mm”. If the light is reflected just as readily — 


between the rods as through them (in the bleached state) then Osterberg’s 
curves and ours should coincide. If from between the rods light is reflected 
more strongly than through the rods, then our curve should deviate from 
‘Osterberg’s in the way it does. But so many factors could enter into the inter- 
pretation of measurements of this kind that at present it is not worth developing 
this analysis. 

We conclude that we measure light passing through the rods, diluted with 
‘stray’ light that has not passed through the rods. The more concentrated the 
rods the less is the rhodopsin signal diluted, and thus our distribution is 
similar to Osterberg’s, though not necessarily proportional to it. 

There is, however, one region of the retina which deserves special mention. 
It will be observed that in the neighbourhood of the optic disk our rhodopsin 
values are exceptionally small. If 10° temporal is compared with 10° nasal, 
it is seen that both have about the same rod density, but on the nasal side the 
rhodopsin density appears to be only half the value of the temporal side. Now 
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we know that from the disk, there is a great outflow of nerve fibres which spread 
out above the rod population. It would seem inevitable that some of the light 
falling upon these fibres must be reflected and scattered back, and hence the 
signal from this region will be diluted with extra stray light. The choroid is 
very black, but the nerve fibres are rather white so that it does not seem un- 
reasonable to suppose that as much light is reflected from the nerves as from 
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Fig. 5. A. Fig. 4 replotted. B. Relative sensitivity of the dark adapted eye along the horizontal 
temporal meridian as measured by Stiles & Crawford (1937) on two subjects using a 0-072° 
test spot flashed for 0-05 sec. C. Relative sensitivity of the scotopic eye as measured by 
Sloan (1950) using a 1° test spot for 1 sec. « 


the pigment—less than one per cent of incident light in each case. If this 
were so, it would account for the half value we find for the density in this 
neighbourhood. 

The alternative interpretation, that rods near the disk have an unusually 
low rhodopsin content, does not agree well with measurements of absolute rod 
threshold. Many workers who have measured the absolute threshold of various 
regions of the retina have considered the relation to rod density. Ten Doesschate 
(1949) discusses this specifically and relates the threshold observations of 
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Stiles & Crawford (1937) to the rod density measurements of Osterberg, and 
Sloan (1950) has carried out an independent set of measurements upon absolute 
threshold to establish the same relation. 

Now if the rods near the disk contain only half the normal amount of 

rhodopsin, we should expect that the threshold for 10° nasal on the retina 
should be about twice that of 10° temporal. If, on the other hand, the nasal 
rods contained the normal amount but were veiled by nerve fibres which 
allowed some 99% of the light to pass, we should expect the thresholds at the 
two places to be about the same. And this is what Sloan has found to be the 
case. 
Fig. 5A is a replot of our Fig. 4 and C gives Sloan’s results and B Stiles & 
_Crawford’s as corrected by ten Doesschate. It is to be remarked that Sloan 
used a 1° test spot flashed on for 1 sec; Stiles & Crawford used a 0-072° spot 
flashed for 0-05 sec; thus if the periphery of the retina has greater summation 
area and summation time than the more central region, Sloan’s sensitivity 
curves would be raised from this cause and despite her closer agreement with 
the Osterberg counts, Stiles & Crawford should give a closer agreement with the 
rhodopsin density, as in fact they do with our values. However, when we 
consider the difficulties, the possible sources of error and the individual 
variations in all these determinations, it is not the minor divergences which 
strike us so much as the surprising fact that there is hardly a 2:1 qearepancy 
in the whole range of these varied observations. 


SUMMARY 


1. This paper describes a technique devised to enable the density of 


rhodopsin in the human eye to be measured. 


2. It uses the principle that when the fundus oculi is observed in an 


ophthalmoscope, it is seen by light which has passed twice through the retina. 
If the viewing light is green it will be attenuated from absorption by retinal 
rhodopsin, so by measuring the attenuation the amount of rhodopsin may be 

3. Since a measurement may be performed in 7 sec or less, the change in 
rhodopsin density may be followed throughout the course of light or dark 


adaptation. In the light the density falls and that more rapidly the stronger — 


the light. It rises again gradually in the dark taking some 6 min for half 
return. 

4. Quantitative measurements on the effects of bleaching show that the 
Bunsen—Roscoe law (Jt=k) holds for exposures up to 48 sec. If monochromatic 
bleaching lights are used, the effect of every colour is the same if the lights have 
previously been adjusted to have the same scotopic brightness. 

5. Measurements performed upon different regions of the retina show that 
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there is no effect of bleaching at the fovea or optic disk, and that the size of the 
effect in any region depends in a characteristic way upon the distance from the 
fovea. A very similar dependence has previously been found for the distribu- 
tion of rod density and for the absolute threshold of vision (see Fig. 5). 


It is a pleasure to express our indebtedness to the Medical Research Council and to the Ross 
Foundation for grants towards the apparatus used in this work. 
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THE EFFECT OF STEROIDS ON THE MAINTENANCE OF 
PREGNANCY IN THE SPAYED RAT* 


[By D. PAULINE ALEXANDER, J. F. D. FRAZER anp J. LEE 


From the Departments of Physiology, St Mary’s Hospital Medical School, 
and Charing Cross Hospital Medical School, London 


(Received 23 March 1955) 


Marshall & Jolly (1905, 6) were the first to report that removal of the ovaries 
from the rat early in pregnancy was followed by foetal loss, although the 
duration of pregnancy when the rats were spayed is unknown. Subsequently, 
a number of workers have carried out similar experiments at different stages 
of pregnancy with or without removal of some of the foetuses (Selye, Collip & 
Thomson, 1935; Haterius, 1936; McKeown & Zuckerman, 1938; Zeiner, 1943). 

In all this work, the number of foetuses present in the rats were very variable, 
and it was thought desirable that a standard number of young should be left 
in the mother at the time of spaying. The present work was simplified by 
removing both ovaries simultaneously. In order to clarify the effects of the 
operation, it appeared necessary to spay one group of mother rats early in 
pregnancy and compare the subsequent findings with those after spaying at a 
relatively late stage. The number of foetuses in each pregnant rat was accord- 
ingly reduced to six on the 9th day as a standard procedure to obtain what is 
hereafter called the ‘standardized’ pregnant rat (Alexander & Frazer, 1954). 
Some rats were also spayed at this time, i.e. before the formation of the 
chorio-allantoic placenta, and these were compared with a similar series in 
which the operation of spaying was performed only 4 days before term. 

In rats spayed on the 9th day, it was expected that resorption of the foetuses 
might follow. If this should be the case, such a spayed rat would be a useful 
test animal to ascertain whether progesterone alone was sufficient to maintain 
pregnancy; and, if successful, whether other hormones and substances would 
also keep the foetuses alive. The ability to maintain pregnancy in an animal 
which would lose its foetuses in the absence of progesterone would certainly 
reveal any agent which had the essential properties of the latter. 


* Some of the work described here formed part of the content of a thesis accepted from one of 
the authors (J. F. D. F.) by the University of London, in fulfilment of the requirements for the 
degree of Ph.D. 
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Although there has been for some time an impression that progesterone 
assists in the maintenance of pregnancy, no clear evidence of this appears to 
exist as applied to rats. Kehl, Paris, Benoit & Gros (1942) have, however, 
shown that after loss of the ovaries in this species, 5 mg of deoxycortone 
acetate (DCA) daily would apparently maintain pregnancy, but the details of 
their experimental findings are not clear. Scipiades (1937) found that testo- 
sterone would maintain pregnancy in a rat spayed at the 16th day, but that 
untreated rats spayed as late as this might also continue to term. Greene & 
Burrill (1939) found that testosterone would sometimes maintain pregnancy if 
the rats were spayed at the 11th day or later, but the greatest success was 
obtained when this was carried out after the 14th day. In all these investiga- 
tions adequate controls were not used. 

In the experiments described here the rats were ‘standardized’ pregnant 
rats, spaying being carried out at the 9th or 17th days of pregnancy. While 
survival of the foetuses might be expected in the group of rats spayed at the 
17th day, this was not expected when spaying was carried out as early as the 
9th day. In the experiments on this latter group various hormones and 
substances were given by subcutaneous injection or fed orally, in order to 
investigate whether or not they had progesterone-like activity. | 


MATERIAL AND METHODS 


The rats used were of the albino Wistar strain developed at the Glaxo Laboratories. Vaginal smears 
were taken daily, mating being determined by the appearance of spermatozoa in the smear, or by 
the presence of a copulatory plug in the vagina. In either case, the date of this was counted as 
‘day 0’ of the pregnancy. Laparotomy was performed 9 days later, under ether anaesthesia, using 
a midline ventral incision. The uterine horns were inspected, and where more than six conceptuses — 
were present, the number was reduced to six by rupturing the amniotic sac (Alexander & Frazer, 

1954). If there were less than six conceptuses present, the rat was not used for experimental 

In one series of females, the ovaries were removed on the same occasion as the laparotomy just 
described; while in the other series, this operation took place on the 17th day, the incision then 
being parallel with and slightly lateral to the previous scar. When the uterus was exposed, gentle 
traction on each tube in turn would bring the ovary down to the field of operation. A curved 
Spencer Wells forcep pplied to the mesovarium, the ovary removed, anda cotton ligature placed 
on its pedicle, Care was taken at this stage not to go deep enough to involve the ovario-uterine 
artery. Sterile cotton was used as suture material throughout, with Michel clips for the skin 
incision, 

Adrenocorticotrophic hormone (ACTH) was given subcutaneously twice daily, while the other 
hormones or substances were injected once daily from the time of operation. However, ethisterone 
(B.P.) was given sometimes on the day prior to operation, the crystals being ground up in butter and 

ini orally. 

The rate were killed at varying intervals after the 9th day of pregnancy, and the uterine horns 
examined for the presence of foetuses. When killed before the 12th day of pregnancy, any swellings 
in the horns were inspected and those of normal size were examined microscopically to see whether 
development was normal. (It had been found that certain of the hormones and preparations used 
delayed the resorption of dead foetuses.) 
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RESULTS 


When the rats were spayed on the 17th day, groups were killed daily there- 
after until the 21st day. The findings in these are shown in Table 1. 


Tastz 1. Effect of spaying at the 17th day of pregnancy, in the ‘standardized’ pregnant rat 


Proportion of foetuses still present 
after spaying 
Days after A 
spaying Number Percentage 
1 35 out of 36 97 
2 36 out of 36 100 
3 17 out of 30 57 
4 23 out of 36 64 


Control rate at 20 and 21 days had respectively 12 out of 12 and 36 out of 42 foetuses surviving. 


It is seen that for 2 days after the operation there was no alteration in the 
number of foetuses remaining, but that between the 19th and 20th days (2nd 
and 3rd days after spaying) a considerable number of the foetuses were lost. 
After this there was no further appreciable loss. | 


~ ‘Taste 2. Effect of progesterone and DCA on the survival of foetuses in ‘standardized’ 
-- pregnant rats spayed at the 9th day of pregnancy 


Daily dose Duration of foetuses 
present 

(days) 

5 mg progesterone. 12 27 out of 30 
13-18 11 out of 78 

10 mg progesterone 12 6 out of 6 
13-18 28 out of 42 — 

17 mg DCA 12 47 out of 54 

17-25 mg DCA «43-18 18 out of 30 
22-23 ! 7 out of 30 


# 


In the case of the ‘standardized’ pregnant rats, spayed on the 9th day and 
receiving no further treatment, no foetuses (out of 74) survived 48 hr; but if 
the ‘standardized’ pregnant rats were not spayed and were then killed at the 
14th day of pregnancy or later it was found that only 58 out of 318 foetuses 
were lost. Thus, spaying as early as the 9th day had resulted in very rapid loss 
of all the foetuses. However, 5 mg doses daily of progesterone maintained 
pregnancy until the 12th day (Table 2), although after this time only a small 
proportion of foetuses were found to survive. On the other hand, when 10 mg 
was given daily, the majority of foetuses survived up to the 16th day, and the 
two litters from mothers killed in the next 2 days showed half the young to be 
surviving then. Similar findings occurred when DCA was given in doses of 
17-25 mg daily (see Table 2), foetuses being maintained up to term, and in five 
rats even beyond term. These mothers were killed on the 22nd and 23rd days 
and found between them to contain seven foetuses, of which four were alive. 
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All were of the size of the post-mature foetus which is expected when pregnancy 
is maintained beyond term, as by giving progesterone, These five rats which 
were allowed to continue until the 22-23rd day were palpated daily from the 
18th day, and the total number of foetuses assessed as about twenty-one on 
each occasion until the 21st day. It has been found that at such a late stage of 
pregnancy a fair degree of reliability can be placed on this method of assessing 
the number of young carried. Newton (1935) in the anaesthetized mouse 
defined individual foetuses by this technique from as early as the 12th day of 
pregnancy. Taken with the consistency in the number of foetuses estimated 
from day to day, this has led to the assumption that between the 21st and 22nd 
days about fourteen foetuses were born, probably dead, and eaten by the 
mothers. In one rat.in which pregnancy had been successfully maintained with 
DCA, the ovarian sites were removed at autopsy. Absence of ovarian tissue in 
the residual adipose tissue was confirmed histologically. 

In daily doses, quantities up to 100 mg of testosterone and of testosterone 
propionate, both subcutaneously, and 70 mg of ethisterone orally, all failed 
to maintain pregnancy for 48 hr. As was expected, daily amounts up to 4 mg 
of ACTH and 50 mg of cortisone also did not prevent resorption of the foetuses 
in 48 hr. When 75 mg of methyl testosterone was given per day, uterine 
swellings were observed on the 11th day, but this was not found when the 
experiment was repeated using 100 mg, the largest dose used. Sections of these 
swellings showed disorganization of the foetuses and placentas although these 
had not been completely resorbed. . 


DISCUSSION 
Previous findings, supporting the view that spaying of the pregnant animal is 
followed by loss of most of the foetuses, have been only partially confirmed in 
tats. When the ovaries were removed at the 17th day, some 60% of foetuses 
were retained until term. Thus, at this late stage in pregnancy, the need for the 
ovary is not great. Individual variation was noticeable, sinceon some occasions 
whole litters would either survive or be lost, while on other occasions the 
majority of the litter might survive. Removal of the ovaries at the 17th day 
did not make itself felt sufficiently to cause foetal loss until 48 hr had passed ; 
on the other hand, total ovarian removal at the 9th day was followed by loss of 
all the foetuses within this short period. 

Haterius (1936) had noted that the foetuses which died after his spaying 
technique were badly distorted, apparently by a greatly increased intra-uterine 
pressure; further, Zeiner (1943) had also stated that death of the embryos 
after removal of the mother’s ovaries was apparently due to pressure from 
the uterine walls. These effects were also noted by the present authors, young, 
both living and dead, in mothers spayed late in pregnancy seeming to be 
elongated. The impression received was that the longitudinal muscle of the 
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uterine horns was relaxed, while the circular fibres were tightly constricted 


around the foetuses. It was thought probable that this alteration in muscular 
tone was the cause of the foetal loss. It has been shown in other species 
(Corner & Csapo, 1953; Csapo, 1954) that oestrogens and progesterone can 
cause marked variations in the behaviour of uterine muscle. 

After rats had been spayed on the 9th day of pregnancy, foetal loss was rapid 
unless progesterone or DCA were given. Relatively high daily doses of these 
hormones were required to maintain the foetuses. It is particularly noticeable 
that when 5 mg doses of progesterone were given, the foetal loss occurred about 
the 12th day, i.e. at the time of formation of the chorio-allantoic placenta. This 
has already been shown (Perry, 1945; Huggett & Pritchard, 1945) to be a 
critical time for the foetus, and it seems that the requirements for progesterone 
are especially high at that time. 

The question of the high dosage of hormones required to maintain pregnancy 
is not an easy one to consider, but in fact there is little information about 
either the rate of absorption of these from a pool of oily substances in the 
subcutaneous tissues, or their normal rate of production or utilization. 

While it has been generally claimed that ethisterone is a progesterone-like 
substance, it failed to maintain pregnancy when given in quantity up to seven 
times the dose of progesterone required for the purpose. The result was 
unexpected, and may have been due to impairment of absorption, or possibly 
in the rat this substance has no progesterone-like action. Emmens (1941) has 
shown that ethisterone is a pro-oestrogen in the mouse when given systemi- 
cally; further, when applied locally to the capon’s comb, it has androgenic 
properties (Emmens & Parkes, 1939). However, Héhn & Robson (1950) did 
find that this substance, applied locally to the rabbit’s uterus, would produce 
progestational changes. 

Methyl testosterone, in a quantity which is ten times the effective dose of 
progesterone, also failed to maintain pregnancy, and yet this substance has been 
said to have progesterone actions of the order of 1/20 of progesterone (Klein & 
Parkes, 1937). Higher doses of methyl testosterone were not used because of 
the very large volumes of solvent which would be needed. As the lower dose of 
progesterone (5 mg) did maintain pregnancy until the 12th day it was expected 


that 100 mg of methyl testosterone should do the same. Thus, not only may | 


there be species differences, but in addition, substances having one property 
of progesterone may not have them all. This is well exemplified by testosterone, 
which Robson (1938) found to be a more powerful hormone than progesterone 
in suppressing oestrus in the mouse, but to be ineffective in maintaining 
pregnancy in the same animal when spayed. 

Courrier (1935) proposed that the assay of progesterone should depend upon 
implantation of ova or maintenance of pregnancy in the spayed animal; he 
devised a technique for detecting the level of progesterone necessary for 
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implantation of ova in the spayed rabbit. This idea is carried further here, 
and it is suggested that before a hormone, or substance, can be said to have a 
progesterone-like action, it must be capable of exhibiting the essential property 
of maintaining pregnancy in the spayed animal which would otherwise lose its 
foetuses in the absence of progesterone. The ‘standardized’ rat spayed at the 
9th day is therefore a useful test animal for assessing whether or not any agent 
can be said to have a progesterone-like action. 

Only progesterone and DCA maintained pregnancy in the spayed rat, but 
approximately twice as much DCA as progesterone was needed. The finding 


_ that DCA had progestational activity was not surprising in view of the close 


structural similarity (Fig. 1) and known metabolic relation of the two 


| Me. testosterone 

OH 

Fig. 1. To illustrate that progesterone, deoxycortone, ethisterone and methyl testosterone 
have the same ring structure, differing only in the side chain at the C-17 position, 


(Dorfman & Ungar, 1953). If DCA is converted to progesterone, the site of 
conversion is not necessarily the ovary as has been shown in the spayed rhesus 
monkey (Zarrow, Hisaw & Bryans, 1950). The work of Héhn & Robson (1950) 
showed that DCA applied locally to the uterus had only a weak progesterone- 
like action. It is therefore possible that when DCA is given systemically it is 
converted to progesterone. Conversely, progesterone exhibits some of the 
actions of DCA, for progesterone will maintain the adrenalectomized rat 
(Gaunt, Nelson & Loomis, 1938). Hechter, Zaffaroni, Jacobson, Levy, Jeanloz, 
Schenker & Pincus (1951) have used the isolated perfused adrenal to study 
progesterone and have suggested that it may be an essential intermediary in 
the formation of the adrenal steroids. 

The main action of progesterone in late pregnancy may be to relax the 
uterus to accommodate the growing foetus, and it is possible that both DCA 
and progesterone maintain pregnancy by the same mechanism, i.e. by the 
production of intracellular ionic changes (Corner & Csapo, 1953). 
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Whilst ethisterone and methyl testosterone have the same steroid ring as 
progesterone both differ structurally from it at the C-17 position, and both failed 
to maintain pregnancy; yet Hohn & Robson (1950) have shown that both these 
substances produce progestational changes when applied locally. These 
workers state that the essential criteria for direct progestational activity 


appear to be a steroid nucleus and a side chain of at least one carbon atom at 


C-17. They further state that the 3, keto-A‘ ring is not essential, although 
Sohval (1951) gives this ring as an essential requisite for the biological activity 
of progesterone. 


Thus, up to now, there has been confusion over any suggestion that a sub- 


stance may have progesterone-like activity. This has been due to the use of a 
variety of species of experimental animals, different methods of administration, 
and a multitude of tissue responses which have been taken as proof of 
progestational activity. In the present experiment only one species of animal 
has been used, while the subcutaneous route of injection was employed almost 
exclusively. The criterion of success has been the maintenance of pregnancy, 
which is probably the most important function of progesterone. The number 
of hormones and substances used has not been sufficient to deduce the chemical 
structure essential for the maintenance of pregnancy in the spayed rat. At 
present it would appear more important to reassess experimentally all the 
hormones and substances said to have a progesterone-like action in various 
species of animals before attempting to determine the structural requisites for 
such activity. 


SUMMARY 


‘Standardized’ pregnant rats were obtained by reducing the number of | 


Pas to six by operation at the 9th day of pregnancy. 

_ 2. Spaying of ‘standardized’ pregnant rats on the 9th day of pregnancy 
resulted in the loss of all foetuses within 2 days, while spaying on the 17th day 
resulted in no loss before the 19th day and only some loss by term (21 days). 


3. Injections of progesterone or DCA reduced or prevented the loss of 


foetuses, while the administration of various other substances, including some 
alleged progestational agents, failed to maintain pregnancy in the rat spayed 
at the 9th day. 

4, The mode of action of DCA is discussed and a criterion for assessing 
“progesterone-like activity’ advanced. 


Part of the expense of this work was borne by grants to Prof. A. St G. Huggett from the 
Medical Research Council and the Agricultural Research Council. The progesterone was a gift to 
Prof. Huggett from Messrs Boots Pure Drug Co., Nottingham, to whom our thanks are due. 
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ON THE METABOLISM OF NORMAL AND DENERVATED 
SYMPATHETIC GANGLION CELLS 


By W. L. M. PERRY anp H. REINERT 
From the National Institute for Medical Research, Mill Hill, London 


(Received 18 April 1955) 


After chronic preganglionic denervation of the superior cervical ganglion of 
the cat, methonium compounds no longer block but potentiate the effects of 
injected acetylcholine and, in some 50% of experiments, themselves cause 
stimulation of the ganglion cells, as judged by contraction of the nictitating 
membrane, Furthermore, in normal ganglia, perfused with modified Locke’s 
solution containing a reduced concentration of potassium, the same changes 
in response to the methonium compounds occur, although even in such con- 
ditions these drugs still block preganglionic stimulation (Perry & Reinert, 
1954). 

It was suggested that the methonium compounds could only block trans- 
mission when the extracellular potassium ion concentration was normal; and 
their success in blocking preganglionic stimulation during perfusion with 
potassium-free Locke’s solution was attributed to a local release of potassium 
from the activated preganglionic nerve endings. That potassium ions appeared 
to play an important role in these reactions was further indicated by our find- 
ings that L-glutamate, which has been shown by Krebs & Eggleston (1949) and 
Davies & Krebs (1952) to promote the inwards transfer of potassium ions into 
many cells against the ionic gradient, when added to the fluid perfusing a 
denervated ganglion, reversed the effects of denervation (Perry & Reinert, 
1954). In this paper we describe further experiments which we have carried 
out in order to study in more detail the role of potassium ions in these 
reactions. 

Krebs and his co-workers found that, of the amino-acids which they studied, 
only L-glutamate and L-aspartate had a ‘potassium carrier-function’. We 
have, therefore, investigated the action of a number of amino-acids other than 
L-glutamate, including p-glutamate, L- and D-aspartate, L- and p-alanine, 
B-alanine, L-arginine and t-lysine, in both normal and chronically denervated 
ganglia. 
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There is a great deal of evidence that potassium ions are important for the 
maintenance of oxidative metabolism (Krebs, 1935; Weil-Malherbe, 1938; 
Shanes, 1951; Pressman & Lardy, 1952; von Korff, MacPherson & Glaman, 
1954). Intracellular potassium is lost under anaerobic conditions from nerve 
(Shanes, 1951), from denervated ganglia (Gertner & Reinert, unpublished 
observations) and from denervated muscle (Humoller, Griswold & McIntyre, 
1950a). In denervated muscle there is inhibition of glycogen synthesis and 
decrease of the resting potential (Ware, Bennett & McIntyre, 1954), reduction 
of phosphorylation (Varga, Kostya, Szabé, Aszédi & Kesztyiis, 1950) and 
decrease of ATP and creatine phosphate (Levine, Hechter & Soskin, 1941; 
Humoller, Griswold & McIntyre, 1950). 

We were thus led to suspect that some of the effects which we observed in 
the ganglion might be due to the action of potassium on oxidative metabolism 
rather than to its action on the cell membrane; and the experiments reported 
here are discussed with this possibility in mind. 


METHODS 


The methods used were identical with those described in our previous paper (Perry & Reinert, 
1954). 

All amino-acids used were brought to pH 7-4 with either hydrochloric acid or sodium hydroxide 
and were thus added to the Locke’s solution either as sodium salts or as chlorides. Except when 
otherwise stated, they were used at a final concentration in the Locke’s solution of 100 mg/100 ml. 


RESULTS 
‘Effect of denervation’ 

A dose of 100g of hexamethonium always blocks the action both of injected 
acetylcholine and of preganglionic stimulation in a normal ganglion. In a 
denervated ganglion, however, hexamethonium in doses up to 5 mg or more 
has no blocking effect. on injected acetylcholine. We have used, routinely, 
250ug of hexamethonium as a test dose (Fig. 1). When this dose does not block 
but instead potentiates the effect of injected acetylcholine in a denervated 
ganglion, this is referred to as the ‘effect of denervation’; should some 
modification of the Locke’s solution cause the ganglion to react to the same 
dose of hexamethonium by block of the action of injected acetylcholine, we 
refer to the phenomenon as ‘reversal of the effect of denervation’. 

It should be noted that, together with the reaction of the denervated ganglion 
to hexamethonium, another typical change resulting from denervation is 
observed, namely, the alteration in the response to acetylcholine from a small, 
relatively short contraction of the nictitating membrane to a larger and longer 
lasting effect, i.e. sensitization to the transmitter as described " Cannon & 
Rosenblueth (1949). 
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The effect of denervation is observed whether the ganglion is perfused with 
Locke’s solution or left with an intact blood circulation, the drugs being given 
by intra-arterial injection retrogradely into the ligated stump of the external 
carotid or lingual artery. | 


tt 
(a) (b) 

Fig? 1. Cat, urethane, denervated superior cervical ganglion, perfused with Locke’s solution. 
Contractions of the nictitating membrane. Injections into perfusion stream. At signals 
acetylcholine 104g. Between A and B cannula washed with several injections of 0-2 ml. of 
Locke’s solution, until no further response obtained. At (a) 0-2 ml. Locke’s solution; at (b) 
hexamethonium 250 yg. Time trace 30 sec. . 


Effects of amino-acids on denervated ganglia 

As described in our previous paper (Perry & Reinert, 1954), t-glutamate at a 
concentration of 40 mg /100 ml. in the perfusing Locke’s solution reverses the 
effect of denervation. This can also be accomplished by using, instead of L-gluta- 
mate, L-aspartate (Fig. 2). It should be noted that the ganglion was perfused 
with the amino-acid for 30 min before testing with a methonium compound. 
Once reversal of the effect of denervation was obtained with 1-glutamate or 
L-aspartate, it was long lasting, and block by hexamethonium could be elicited 
over and over again (Fig. 2). Indeed this reversal was still obtained for some 
30-90 min after removing these amino-acids from the perfusion fluid, after 
which the hexamethonium ceased to block and the effect of denervation was 
once more observed. This long-lasting reversal was only obtained when 
L-glutamate or L-aspartate was used. 

Each one of the other amino-acids tried produced a reversal, but only a 
transient one. Thus, for example, the first dose of hexamethonium, given 30 
min after the start of perfusion with B-alanine, blocked injected acetylcholine 
(Fig. 3), but when the amino-acid was removed from the perfusion fluid after 
the first dose of hexamethonium had produced block, there was no continuation 
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of the reversal, and the effect of denervation was immediately restored (Fig. 3). 
Furthermore, even during continued perfusion of this amino-acid, the reversal 
passed off and the effect of denervation was observed with the second or third 
dose of hexamethonium. 


Fig. 2. Technique as in Fig. 1. Denervated ganglion perfused with Locke’s solution containing 
L-sodium aspartate 100 mg/100 ml. Atsignals acetylcholine 10g. At arrowsh i 
250 ug. Time trace 30 sec. 


B 
A-alanine Locke 
Fig. 3. Technique as in Fig. 1. Denervated ganglion perfused in A and B with Locke’s solution 
containing f-alanine 100/mg 100 ml. and in C and D with Locke’s solution. Between A and B 
and between C and D cannula washed as in Fig. 1. 30 min between B and C. At signals 
acetylcholine 10ug. At arrows hexamethonium 250g. Time trace 30 sec. 


It was extremely difficult to reverse the effect of denervation if the ganglion 
had been previously perfused with normal Locke’s solution. It was only pos- 
sible to do this at all if the amino-acid had been added not more than 15 min 
after the start of perfusion. Thus we normally began experiments by perfusing 
with the amino-acid, when reversal was readily obtained, and then changed 
to perfusion with normal Locke’s solution, thereby obtaining the effect of 
denervation. | 
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Influence of glucose on denervated ganglia 

The amino-acids produce reversal of the effect of denervation in the presence 
of glucose. When glucose was removed from the Locke’s solution, they were 
wholly ineffective at the usual concentration of 100 mg./100 ml. In Fig. 4, 
L-glutamate, 100 mg/100 ml., failed entirely to reverse the effect of denerva- 
tion. It was found that glucose could be replaced by the addition of acetate 
or pyruvate to the Locke’s solution, or by perfusion with blood. Furthermore, 
increasing the concentration of t-glutamate or L-aspartate to 200-300 mg/ 
100 ml. did produce reversal even in the absence of glucose (Fig. 5). Neverthe- 
less, these increased concentrations of amino-acids without glucose were never 


Fig. 4. Fig. 5. 
Fig. 4. Technique as in Fig. 1. Denervated ganglion perfused with Locke’s solution containing 
L-sodium glutamate 100 mg 100 ml. and no glucose. Between A and B several injections of 


Locke’s solution 0-2 ml. until no farther response obtained. At signals acetylcholine 10yg. 
At arrow hexamethonium 250yug. Time trace 30 sec. 


Fig. 5. Technique as in Fig. 1. Denervated ganglion perfused with Locke’s solution containing 
L-sodium glutamate 200 mg/ml. and no glucose. Between A and B several injections of Locke’s 
solution 0-2 ml. At signals acetylcholine 10yg. At arrow hexamethonium 250 yg. 


as effective in producing reversal as lower concentrations in the presence of 
glucose. 
Pyruvate, acetate or glucose alone did not reverse the effect of denervation. 
In the absence of glucose, the denervated ganglion continued to react to 
injected acetylcholine for many hours without showing any sign of fatigue 


(Fig. 6). 


Influence of glucose on normal ganglia 
When the normal ganglion was perfused in the absence of glucose, it rapidly 
became unresponsive both to preganglionic stimulation and to injected 
acetylcholine (Fig. 7). Kahlson & MacIntosh (1939) also described this fatigue. 
to preganglionic stimulation and explained it on the basis of a failure of the 
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ganglion to synthesize acetylcholine. On the other hand, they stated that the 
ganglion continued to respond to injected acetylcholine; our results do not 
confirm this. Provided that the absence of glucose was not maintained for too 
long, the fatigue produced was reversible by the restoration of glucose. 


15 60 120 180 240 
Time (min) 
Fig. 6. Technique as in Fig. 1. Denervated ganglion perfused with Locke’s solution containing 
no glucose,. At signals 5 ug acetylcholine. Time (min) of each injection after start of perfusion. 


10 10 20 “40 60 
Fig. 7. Technique as in Fig. 1. Normal ganglion perfused with Locke’s solution containing no 
glucose, Supramaximal preganglionic stimulation 2 c/s during periods indicated on lower 
trace. At signals acetylcholine-dose (ug) as stated. Time trace 30 sec. 


Effect of amino-acids on normal ganglia 
Fatigue of the ganglion resulting from the absence of glucose was prevented 
by acetate or pyruvate, or by a concentration of 100 mg/100 ml. of any of the 


amino-acids used, whether p or t-form. The prevention of fatigue was judged 


by the maintenance of contraction of the nictitating membrane in response to 
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continuous maximal preganglionic stimulation, and a typical result is shown 
in Fig. 8 for D-aspartate. 


A B 

Fig. 8. Technique as in Fig. 1. Normal ganglion perfused in B with Locke’s solution containing 
no glucose and in A with same solution containing p-sodium aspartate (100 mg/100 ml.). 
Continuous supramaximal preganglionic stimulation 2 c/s throughout in both A and B. Time 
trace 30 sec. 

DISCUSSION 


It appears that the metabolism of the ganglion is greatly altered by pre- 
ganglionic denervation. Thus, the denervated ganglion continues to react to 
injected acetylcholine for several hours without any apparent fatigue in the 
total absence of glucose, although under similar conditions we have shown 
that the normal ganglion becomes wholly inexcitable both to electrical 
stimulation (cf. Kahlson & MacIntosh, 1939) and to chemical stimulation 
(cf. Kewitz & Reinert, 1954). 

The fact that denervated ganglia do not become fatigued when glucose is 


absent from the perfusion fluid suggests that the energy for continued function — 


is not obtained from the metabolism of extrinsic glucose. The failure of amino- 
acids to reverse the effect of denervation in the absence of glucose may be due 
to one or both of two factors: (a) it may be that the reversal involves a restora- 
tion of aerobic glycolysis and that it consequently cannot occur in the absence 
of glucose; (b) it may be that in the presence of glucose the cells take up a suff- 
cient amount of amino-acids to use as a substrate for oxidative metabolism. 
Thus, Stern, Eggleston, Hems & Krebs (1949) showed that in the absence of 
oxidizable substrate, the active uptake of amino-acids was decreased. 

If the action of the amino-acids is to restore aerobic glycosis we are thus 
faced with the problem of how this effect is brought about and whether it is 
linked to the ‘potassium carrier-function’ of the amino-acids. After denerva- 
tion there is a loss of intracellular potassium from the ganglion cells (Gertner & 


Reinert, unpublished observations), and this change must presumably also — 


follow perfusion of the normal ganglion with solutions of low potassium 
concentration. Thus the amino-acids may reverse the effect of denervation 
by promoting the inward transfer of potassium ions into the ganglion cells. 
The position is complicated, however, by the fact that those amino-acids 
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which lack the ‘potassium on in vitro can also, at least in part, 
reverse the effect of denervation. 

The linkage of acetate with coenzyme A is catalysed by the acetate activa- 
ting enzyme (AAK), This enzyme is inhibited by sodium ions and activated by 
potassium ions (v. Korff, 1953). Thus a fall in the intracellular potassium-ion 
concentration leads to an inhibition of aerobic glycolysis at this point, and the 
energy resulting from aerobic glycolysis is not available. Restoration of the 
normal intracellular potassium ion concentration reactivates the AAE: thus 
acetyl-CoA can be formed and aerobic glycolysis can proceed. We consider that 
this reactivation of the AAE in denervated ganglion cells is one explanation of 
the action of the amino acids. 

The other factor which we suggested might be involved is the increased 
uptake of the amino-acids themselves by the cells and their subsequent use as 
substrates for oxidative metabolism. The oxidative metabolic pathway in- 
volved would have to be one which by-passed the AAE. It may be a pathway 
through the fatty acid cycle after oxidative deamination (e.g. lysine) or after 
transamination to the corresponding keto-acids either directly through the 
Krebs cycle (e.g. glutamate and aspartate) or via pyruvate (e.g. alanine). The 
entrance of the amino-acids via these mechanisms into the Krebs cycle would 


_ thus explain their function in providing for the generation of the energy of 


respiration chain and oxidative phosphorylation even when the AAE is 
inhibited by lack of potassium ions. Further evidence of this is found in the 
maintenance of function of a normal ganglion perfused with any of these 
amino-acids in the absence of glucose where the amino-acids must themselves 
be acting as substrates for energy production. 

If this hypothesis is true, it goes some way towards elucidating the type of 
ganglion block produced by the methonium compounds since they only pro- 
duce block when the ganglion cells are metabolizing aerobically, and they may 
therefore be presumed to act by inhibiting this metabolic pathway. This may 
be of great importance to our understanding of synaptic block, for it indicates 
an interruption of cellular function and of the consequent generation of the 
post-synaptic impulse rather than a membrane or surface phenomenon. It is 
noteworthy that at the boutons terminauc not only is there a differentiation of 
the cell membrane, but there is also a pronounced localization of mitochondria 
and microsomes (Estable, Reissig & de Robertis, 1954); Gibson & Purkis, 
1953; De Castro, 1942. 

On the other hand, these results and their hypothetical explanation take no 
account of the stimulating effect which the methonium compounds themselves 
often exert on denervated ganglia. We have no evidence of the nature of this 
stimulating action, and we consider that it may well be due to a totally 
diferent mechanism from the blocking action for which we do offer a possible 
explanation. It seems to us probable that the stimulating action derives from 
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an action on the cell membrane rather than from an action on the cell 
metabolism. Access of these drugs to the metabolic. centres inside the cell 
must depend upon passage across the cell membrane, and during this phase 
of entry into the cell the stimulant action may occur and its occurrence may 
depend upon the ionic gradients locally present at the time. 

The hypothesis which we have put forward also helps to explain many other 
findings reported in the literature. Thus, Brock, Druckrey & Herken (1939) 
first showed that oxidative metabolism in vitro in tissue slices of salivary glands 
could only be maintained in the presence of both glucose and potassium. 
Krebs (1935) and Weil-Malherbe (1938) found that glycolysis in vitro was 
inhibited by glutamate or by potassium. Feldberg & Hebb (1946) showed that 
acetylcholine synthesis was increased by glutamate. Dialysed choline acetylase 
preparations are reactivated by glutamate and potassium (Nachmansohn & 
John, 1945). Feldberg (1943) found that the in vitro choline acetylase activity 
of ganglia decreased after denervation. Potassium is essential for the acetyla- 
tion of choline in the presence of citrate or acetate (Balfour & Hebb, 1952) 
and causes an increased formation of acetylcholine in brain slices (Mann, 
Tennenbaum & Quastel, 1939). -All these observations are compatible with 
the hypothesis we advance. 

Finally, we would like to mention the difficulty found in reversing the effect 
of denervation by amino-acids in a ganglion which has already been perfused 
with Locke’s solution for more than a few minutes. Raaflaub (1953) found that 
when mitochondria were kept in ‘ physiological’ saline solutions, they ‘leaked’ 
enzymes, and this leakage could be prevented by adding an energy source such 
_ as ATP, which also prevented the decrease in oxygen consumption of the mito- 
chondria. In a denervated ganglion where no aerobic glycolysis is occurring, 
less ATP is produced, and in its absence we may expect a leakage of enzymes 
during perfusion with Locke’s solution. The early addition of amino-acids may 
prevent this loss and enable the reversal effect to be obtained. 


SUMMARY 


1. Methonium compounds do not block the stimulating effect of injected 
acetylcholine in denervated ganglia. This is referred to as ‘the effect of denerva- 
tion.’ 

2. The addition of an amino-acid such as L-glutamate, p-glutamate, 
L- and D-aspartate, L- and D-alanine, B-alanine, L-arginine and L-lysine to the 
Locke’s solution perfusing a ganglion reverses the ‘effect of denervation.’ 

3. Amino-acids do not produce this reversal in the absence of glucose unless 
their concentration is increased up to 200 or 300 mg/100 ml. 

4. The effect of denervation cannot be reversed by pyruvate, acetate or 
glucose. 
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5. In the absence of glucose, denervated ganglia continue to respond to 
injected acetylcholine without apparent fatigue. 

6. In the absence of glucose normal ganglia show rapid fatigue both to 
preganglionic stimulation and to injected acetylcholine. 

7. Normal ganglia show no fatigue if glucose is replaced by pyruvate or 
acetate or by an amino-acid. | 

8. It is suggested that the effect of denervation is due to a fall in the 
intracellular potassium concentration of the ganglion cells and a consequent 
inhibition of oxidative metabolism; this is restored by amino-acids possibly 
because of their ‘potassium carrier-function’. It is further suggested that the 
methonium compounds may act by blocking the oxidative metabolic pathway. 
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THE RELIEF OF CENTRAL CYANOSIS CAUSED BY 
PULMONARY ARTERIO-VENOUS SHUNTS BY 
CONSTRUCTION OF AN ARTIFICIAL 
DUCTUS ARTERIOSUS 


By G. V. R. BORN, G. 8. DAWES, JOAN C. MOTT 
AND BARBARA R. RENNICK* 


From the Nuffield Institute for Medical Research, University of Oxford 
(Received 20 April 1955) 


In a previous paper (Dawes, Mott & Widdicombe, 1955a) it was shown that 
the presence of a patent ductus arteriosus for some hours after birth was of 
physiological benefit to the newborn lamb, since the systemic arterial oxygen 
saturation fell when the ductus was occluded. These newborn lambs always 
suffered to a greater or lesser extent from cyanosis of central origin, and it was 
noticed that the lower the initial arterial oxygen saturation, the greater the 
fall on occlusion of the ductus arteriosus. It was suggested that the cyanosis 
was due to inefficient expansion of the lungs, so that some blood passed through 
non-functional or poorly functional alveoli, constituting a virtual pufmonary 
arterio-venous shunt, and reducing the oxygen saturation of the systemic 
arterial blood by venous admixture in the pulmonary veins and left atrium. 
The beneficial effect of a patent ductus arteriosus could then be attributed to 
the fact that it allowed this arterial blood to recirculate through the lungs and 
to absorb more oxygen from the functional alveoli, providing the latter had 
some reserve diffusion capacity. This would also explain the greater benefit 
afforded by a patent ductus arteriosus when the lamb was more cyanosed. 
There were, however, other possibilities to consider. First, when the ductus 
arteriosus is opened the pulmonary arterial blood pressure, and therefore 
pulmonary blood volume, increases; this might enlarge the area available for 
gaseous diffusion in the lungs. Secondly, in the newborn lamb small changes 
of pressure between the inferior vena cava and left atrium might cause the 
valve of the foramen ovale to open, and allow venous blood to pass directly 
into the left atrium; if the ductus arteriosus were then opened pulmonary 
* United States Public Health Service Research Fellow of the National Institute of Neurological 
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blood flow would increase, left atrial pressure would rise, and venous admixture 


through the foramen ovale would be reduced or abolished. While it had been 


shown in other experiments that, within a few minutes of beginning ventila- 
tion, mean pressure in the left atrium always exceeded that in the inferior 
vena cava even when the ductus arteriosus was closed (Dawes, Mott & Widdi- 

combe, 19550), these observations had not been made concurrently with 
measurements of arterial oxygen saturation, and there was also the possibility 
that the valve of the foramen ovale might sometimes open to permit venous 
admixture during a part of the cardiac cycle. For these reasons it seemed 
- desirable to produce pulmonary arterio-venous shunts in adult animals, by 
obstruction of one or more bronchi, and to determine whether opening a recon- 
structed ductus arteriosus would then have the same beneficial effect as in the 
newborn lamb. This would also afford a better opportunity to test quantita- 
tively the hypothesis that the benefit was due to recirculation of cyanosed 
arterial blood through the lungs, than in a newborn animal in which the con- 
dition of the lung is changing, and in which the presence of the foramen ovale 
is an added complication. The problem presented by pulmonary arterio-venous 
shunts outside the lung (as in the tetralogy of Fallot) has also been considered. 
A preliminary account has already been yuo: (Born, Dawes, Mott & 
Rennick, 1955). 


THEORY 
_Intrapulmonary arterio-venous shunt. An intrapulmonary arterio-venous 


shunt, such as may be produced by obstruction of a bronchus, causes central — 


cyanosis by venous admixture. Ifthe right heart output is increased, or if the 
ductus arteriosus is opened, pulmonary blood flow increases and the cyanosis 
is proportionately relieved. The relationship between total pulmonary blood 
flow, systemic arterial %0, saturation and the rate of 0, consumption may be 
derived as follows, when the circulation is as shown in Fig. 1. 


Pd 


Functional 
Lungs 
Non-functional 


Fig. 1. The circulation with an intrapulmonary arterio-venous shunt. The letters v, a, p and ¢ 
denote the O, contents of blood in the vessels indicated, and Q and Q, the volumes of blood 
flow in unit time. The dotted line indicates the shunt. 
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Let U9, @ and ¢y be the mean oxygen contents of pulmonary arterial blood, 
of pulmonary venous blood from that part of the lung which is fully functional, 
and of systemic arterial blood respectively, before increasing pulmonary blood 
flow. Let p,, a, and ¢, be the corresponding oxygen contents afterwards. Let 
R be the initial rate of O, consumption, and let Q be the volume of blood flowing 
per unit time through the functional part of the lung and Q, the (shunt) flow 
through the non-functional part, before increasing pulmonary flow. Let aR, 
BQ and yQ, be the corresponding values afterwards. | | 

Then, equating the flow of blood and oxygen through the lung, we hav2 
+ Q,% = (0 (1) 

vg = + 


whence 


and when pulmonary flow is increased, 
BQa, + = (BQ (2) 
(BQ +yQ;) Cy —BQa, : | 


whence 


We also have, considering the rate of O, consumption, 


R 
B 7 
or, inserting the expressions for v) and p,, which have been derived above, 
Q +Q, Ag — B 
If the proportion by which left heart output or total pulmonary blood flow is 
increased | 
Q+Q, 
then ay (4) 
Bd 


If, when pulmonary blood flow is increased, flow through the functional 
and non-functional parts of the lung increases equally, so that B=, then we 
have | 
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We may now divide top and bottom of the left-hand side of this equation by 
the oxygen capacity to obtain the %0, saturation. Moreover, the pulmonary 
venous blood coming from the functional part of the lung will be approximately 
100% saturated, and the equation then becomes 


¢,=100—(100~69) (5) 


where ¢, and c, are the initial and final carotid arterial %O, saturations 
respectively. 

There are several palate to be remarked about equation (5). First, it is 
equally valid whether pulmonary blood flow is changed by altering nght 
heart output, by opening the ductus arteriosus, or by a combination of both 
manoeuvres. This result is due to the fact that when pulmonary blood flow is 
increased, an extra quantity of more or less well-saturated blood circulates 
through both functional and non-functional alveoli. Secondly, the equation 
assumes that the resistances to blood flow through the functional and non- 
functional parts of the lung change equally if they change at all, in response to 
alterations in the pressure and oxygen content of blood supplied to the 
pulmonary arteries. The validity of this assumption must be tested by experi- 
ment. Thirdly, under many experimental circumstances the rate of oxygen 
consumption will be unchanged (« =1) and a further simplification is possible 
in equation (5). However, under the experimental conditions described below, 
small changes in oxygen consumption were observed, and « was therefore 
retained in this equation to allow for these changes. 

_It is also instructive to consider the application of this equation in the 
following manner. Let us suppose that the subject has a carotid arterial 0, 
saturation of 50% and that his oxygen consumption is reduced in consequence. 
Then if pulmonary blood flow is doubled, either his arterial 0, saturation will 
rise to 75% at constant O, consumption, or his rate of oxygen consumption will 
be doubled at constant arterial saturation, to take the two extremes. 

Pulmonary arterio-venous shunts outside the lung. In the tetralogy of Fallot, 
or in a subject with a patent foramen ovale whose right atrial pressure exceeds 
that in the left atrium, the pulmonary arterio-venous shunt is outside the lung 
and the analysis is slightly more complicated. Let us assume that the circula- 
tion is as shown in Fig. 2, that the pulmonary vascular resistance is low and 
that the only direct communication between the systemic and ey 
arteries is through the ductus arteriosus. 


Let v9, a) and ¢y be the mean oxygen contents of mixed venous blood, of 


pulmonary venous blood and of mixed systemic arterial (carotid) blood 
respectively, before increasing right heart output or opening the ductus arterio- 
sus. Let v, and ¢, be the corresponding oxygen contents afterwards, and let 
the oxygen content of mixed pulmonary arterial blood be p,. Let R be the 
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initial rate of O, consumption, and let Q be the volume of blood flowing per 
unit time through the lung and Q, through the shunt. Let aR, BQ and yQ, 
be t .e corresponding values at a later time, when flow through the ductus 
arteriosus is Qp, and through the pulmonary valves is Q,. 


Qp 
Qr 
Body 


Fig. 2. The circulation with a pulmonary arterio-venous shunt outside the lungs. The letters v, a, p 
and c denote the O, contents of blood in the vessels indicated, and Garo, Cand, the volumes 
of blood flow in unit time. _— dotted line indicates the shunt. 


Then, equating the flow of blood and oxygen through the left heart we have 
(Q Q,) Co— Qay 


whence Up 


and finally BQa, (7) 


8 
We also have, considering the rate of oxygen consumption, 


= _ BQ (a; — 8 


whence 


whence 


It will be noted that of these equations, (6) is identical with (1) and (8) with (3), 
while (7) differs from (2) only in one respect. This difference, however, requires 
that p, be derived in terms of v, and c, by considering the mixture of — 
and oxygen in the pulmonary artery, thus 


+ =BQp,, (9) 
_ 
BQ 


whence 
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Substituting the expression for v, obtained from (7) and ere we now 


This expression for p,, an that for V) derived from (6) may now be substituted 

Q+Q, 
If the vie pega by which right heart output or total venous return is 

reased, 
Qr 
then a, 
Be 

We may now, as before, divide top and bottom of the left-hand side of the 


equation by the oxygen capacity, and assume that pulmonary venous blood is 
100% saturated to obtain the expression 


(10) 


¢,=100- (100—c,) = Be? (11) 


where cy, and c, are the initial and final carotid arterial 0, saturations. 


These equations (10) and (11) are equally applicable, whether the com- 


munication between the systemic and pulmonary arteries is by way of a patent 
ductus arteriosus, moons bronchial arteries or through other anastomotic 
channels. 

It is interesting to observe that if the rates of blood flow through the shai 
and the right heart are unaltered or are altered equally (y=«), this equation 
reduces to 


As B denotes the proportionate increase in total pulmonary blood flow, this is 
exactly equivalent to equation (5), and an increase in total pulmonary blood 
flow caused by opening the ductus arteriosus has the same effect, whether the 
pulmonary arterio-venous shunt is inside or outside the lungs; it is, however, 
unlikely that these conditions ever apply in practice. It is also of interest to 
notice, from equation (10), that, when the pulmonary arterio-venous shunt is 
outside the lungs, increasing pulmonary blood flow by opening the ductus 
arteriosus, or other anastomotic channels between the systemic and pulmonary 
circulations, does not necessarily have the same effect as increasing right heart 
output. For instance, if pulmonary blood flow is doubled by opening the 


ductus arteriosus, the fraction 3 . will be halved, other things being equal. But 
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if pulmonary blood flow is doubled by increasing flow through the pulmonary 
valves, the fraction 5 * will be reduced to less than half, since f is doubled and 


e is also increased. 

Bing, Vandam & Gray (1947) have shown that, in some patients suffering 
from the tetralogy of Fallot, blood from the left ventricle passes into the right 
ventricle, so that the oxygen content of blood in the pulmonary trunk exceeds 
that of right atrial blood. The complication introduced by this situation may 
be treated in the following way. Of the blood which we shall suppose to pass 
from the left ventricle into the right ventricle we need be concerned only with 
that portion Q which is ejected through the pulmonary valves; the remainder 
is expelled into the aorta, which it would have reached had there been no 
interventricular defect. The blood coming from the left ventricle should be 
nearly fully saturated with oxygen, since it is derived from the pulmonary veins. 
The effective rate of blood flow through the pulmonary valves therefore =the 
actual flow Q,—Q. If, therefore, the O, contents of right atrial, right ventri- 
cular and pulmonary venous blood are known, the appropriate correction 
can be made in the calculation of ¢ in equations (10) and (11). A patient with 
this defect is clearly in worse case than one suffering from the other conse- 
quences of Fallot’s tetralogy alone, since a still smaller proportion of the total 
venous return passes to the lungs for oxygenation. 

Application of the Fick principle. It is useful to apply the Fick principle to 
calculate cardiac output in the presence of a pulmonary arterio-venous shunt 
and a patent ductus arteriosus, but some care must be used in deciding what is 
measured. Let Q, be the volume of blood flowing per unit time through the 
ductus arteriosus, and Q,, be the total output of the right heart. Let v, and c, 
be the oxygen contents of mixed venous and systemic arterial blood. Then, 
whether the shunt be within the lung or outside it, we have, equating the flow 
of O, through the lungs, 


O, consumption =(Qz+Qp)-.— 
| 

Thus under all circumstances the quotient of 0, consumption and systemic 
arterio-venous O, difference is equal to the total right heart output, but this 
includes the flow thevagh the right-to-left shunt when the latter is outside the 
lungs. 

The effective venous blood flow. Bing et al. (1947) have pointed out that, in a 
patient suffering from the tetralogy of Fallot, only part of the total venous 


_ return flows through the pulmonary capillaries; this part they call the effective 


venous blood flow. This terminology may be extended to cover pulmonary 
arterio-venous shunts both within and outside the lung, by defining the effective 
venous blood flow as that part of the total venous return which passes through 
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fully functional alveoli. If the O, content of the mixed venous blood is », 


that of the carotid arterial blood is c, and that of pulmonary venous blood from | 


fully functional alveoli is a, then 
O, consumption 


total venous return = 


and effective venous blood flow= Os 

The proportion of total venous return which passes through fully functional 
alveoli is, therefore c—v/(a—v), where c, v and a may be denoted either as O, 
content or as %/O, saturation of blood samples from the respective vessels. 


METHODS 


In a preliminary series of experiments cyanosis was caused by reducing the O, content of the 
inspired air in eleven dogs under sodium pentobarbitone anaesthesia (35 mg/kg). In these and 
subsequent experiments the blood pressure was recorded by a mercury manometer from a femoral 
artery. The chest was opened down the midline and the dog was ventilated by positive pressure 
from a Starling Ideal pump with air: N, mixtures supplied from calibrated rotameters. The dog 
was heparinized, and the central ends of the left subclavian and left pulmonary arteries were joined 
to form an artificial ductus arteriosus. The dog was thus living on its right lung only. Blood samples 
were withdrawn from a catheter in the left carotid artery into syringes, mixed with a trace of 
heparin and sodium fluoride, and stored in ice-filled vacuum flasks until their oxygen contents 
were analysed by the method of Roughton & Scholander (1943). 

Intrapulmonary arterio-venous shunt. In the next series of experiments cyanosis was caused by 
obstruction of the main bronchus to one or more lobes of the lung, while maintaining the circula- 
tion intact. It was therefore not possible to use the central end of the left pulmonary artery to 
construct an artificial ductus arteriosus, and another method had to be devised. In order to 
obtain a complete quantitative analysis of the effect of opening the ductus arteriosus it is necessary 
to estimate systemic arterial %O, saturation, 0, consumption, right heart output and flow through 
the ductus arteriosus; all these measurements were not made in every experiment. 

Fifteen dogs were anaesthetized with sodium pentobarbitone (35 mg/kg), or with chloralose 
(60 mg/kg) after thiopentone induction. The trachea was cannulated with a glass tube which had 
a side-arm, obliquely placed so as to facilitate the passage through it of a polythene catheter; the 
junction was made airtight with a close fitting rubber sleeve. This catheter carried on its end a 
small rubber balloon which was passed down to obstruct a main bronchus just. proximal or distal 
to its principal subdivisions. The chest was opened down the mid-line and the dog was ventilated 
by positive pressure with either air or oxygen. Oxygen consumption was measured by using 4 
closed circuit system attached to the respiration pump, consisting of a soda lime canister and 
volume recorder. When the dog was ventilated with air, the closed circuit was modified to incor- 
porate a 101, flask and the duration of each O, consumption measurement was adjusted so that 
the O, content of the system would not fall by more than 1%. In between each such measurement 
the dog was ventilated with room air, while the closed circuit system was thoroughly flushed with 
room air from a second Starling Ideal pump, a process that occupied about 2 min. The temperature 
of the gas in the flask was recorded by a thermometer but no significant temperature change was 
observed during the course of a measurement, which normally lasted 2-3 min. 

Systemic arterial blood samples were withdrawn from a catheter passed down the left carotid 
artery, and mixed venous samples from the right ventricle by direct needle puncture, in order to 
calculate right heart output by the Fick principle. In a few experiments blood samples were also 
obtained from the pulmonary veins coming from the left lower lobe of the lung, through a bent 
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polythene catheter passed through the wall of the left atrium. The blood samples were withdrawn 
into syringes as described above, and their 0, contents and capacities were determined by the 
Barcroft-Haldane method modified for use in Warburg manometers, as described by Born, Dawes 
& Mott (1955). 

The dog was heparinized, and an artificial ductus arteriosus was constructed by joining the 
central end of the left subclavian artery to the main pulmonary trunk. The left subclavian artery 
was cannulated, and this cannula was attached by a short length of flexible rubber tube to the male 
connexion (a) of the stainless steel tube illustrated in Fig. 3. The obturator (b) was then inserted 
into the main tube (c) and plunged through the pulmonary trunk. The elasticity of the vessel wall 
was sufficient to hold the tube in place without leaks. The obturator was then withdrawn and 
connexion completed as rapidly as possible. It was found necessary to open the left side of the 
chest widely in order to obtain adequate access to the pulmonary trunk. In spite of the small cross- 
sectional area of the tube which was used (Fig. 3), very large quantities of blood were able to pass 


| 
Fig. 3. Stainless steel tube (b), obturator (c) and connecting piece (a) used for constructing 
artificial ductus arteriosus. The tube is thrust into the pulmonary trunk which is thereby 
connected to the left subclavian artery. 


through it at high velocity, and pulmonary blood flow was often doubled in consequence. Flow 
through the ductus arteriosus was measured with a density flowmeter (Dawes, Mott & Vane, 
1953) having an interelectrode volume of about 11 ml.; this was adequate for recording flow rates 
which occasionally exceeded 600 ml./min. The time intervals for the volume of blood between the 
electrodes to pass through the meter were recorded with a Gaddum drop timer (Gaddum & 
Kwiatkowski, 1938). 

Pulmonary arterio-venous shunt outside the lung. In these experiments central cyanosis was 
caused by pumping blood from the right ventricle into the left atrium. Attempts to withdraw blood 
into the pump from the right atrium were frustrated by the atrial walls falling in and occluding 
the cannula when flow through the shunt was increased. Eight dogs were anaesthetized with 
chloralose as before, and the preparation was similar to that described previously except that no 
bronchial catheter was introduced. After administering heparin and constructing an artificial 
ductus arteriosus, a cannula was tied into the left atrium through the auricular appendage and a 
length of hard polythene tube was passed through the wall of the right ventricle so that its tip lay 
just behind the pulmonary valves. This tube did not need to be tied in, but was held by the elasticity 
of the ventricular wall, provided there was no lateral tension on it. Blood was ejected from the right 
ventricle through this tube into a modified Dale-Schuster pump (Vane, 1953) placed somewhat — 
below the level of the operating table, and was thence pumped through a density flowmeter into 
the left atrium. At first a flowmeter was used which had an interelectrode volume of 5 ml., but its 
maximum capacity of about 300 ml./min proved too small for the purpose, and it was later 
replaced with one which had an interelectrode volume of 19 ml. While this system proved more 
satisfactory than the abortive attempts to draw blood into the pump from the right atrium, there 
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was still a tendency for the ventricular walls to collapse on to the tip of the polythene tube at very 
high rates of shunt flow (when more than half the output of the right heart was passing through 
the shunt), and thus to cause ventricular extra-systoles.. It also proved more difficult to obtain a 
good preparation than in the previous experiments, because of damage to the right ventricle and 
the greater volume of blood in the two flowmeters outside the animal. To some extent this was 
remedied by transfusion with dextran, but deterioration was still more rapid than formerly. The 
other experimental procedures were similar to those with an intrapulmonary arterio-venous shunt, 


RESULTS 

Cyanosis due to reduction in the O, content of the inspired air. In a preliminary 
series of experiments on eleven dogs cyanosis was caused by reducing the 0, 
content of the inspired air. An artificial ductus arteriosus was constructed by 
joining the central ends of the left subclavian and left pulmonary arteries, 
and only the right lung, therefore, was functional. The initial carotid arterial 
O, saturation varied from 19 to 89%. Occlusion of the ductus arteriosus 
- caused in three dogs a small rise, in four no change and in four a small fall in 
systemic arterial 0, content, of which triplicate blood samples were estimated 
before, during and after occlusion. 


‘Taste 1. Carotid arterial %O, saturation in dogs, ventilated with nits obstruction 


of one or more bronchi 
Obstruction of 
Left lower Two right 
Dog no lobe Left lung — lo Right lung - 
1 93 70 — 
2 91 — 72 73 iia 
3 98 — 86 — 57 
4 96 — — 47 31 


Similar observations were made on three dogs.used in later experiments, in 
which the artificial ductus arteriosus was constructed by joining the central 
end of the left subclavian artery to the pulmonary trunk, and in which there- 
fore both lungs were fully functional. Cyanosis was caused by ventilation 
with 10% O, in nitrogen. There was no evidence of a systematic change in 


systemic arterial %O, saturation on occlusion of the ductus arteriosus, outside — 


the limits of observational error. 

It was concluded that when central cyanosis is due to a uniform reduction 
in the gaseous diffusion gradient across the alveolar membrane, no substantial 
relief is to be expected from reconstruction of the ductus arteriosus. Attention 
was therefore directed to the production of a non-uniform pulmonary lesion. 

Intrapulmonary arterio-venous shunt. In thirteen dogs cyanosis was caused by 
obstruction of one or more bronchi. The degree of cyanosis was changed over 4 
wide range in the same dog by varying the site of obstruction (Table 1). These 
first four sets of observations suggested that obstruction of subdivisions of the 
right bronchial tree would produce a greater range of cyanosis than obstruction 
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of the left side, and so in subsequent experiments attention was confined to 


the right side. A period of 8-10 min was allowed to elapse after obstruction 
of the bronchus in order that the system should come into equilibrium, and 
duplicate blood samples were then taken before, during and after occlusion of 
the artificial ductus arteriosus (left subclavian artery to pulmonary trunk). 
As Fig. 4 shows, occlusion of the ductus arteriosus caused a fall in systemic 
arterial 90, saturation, a fall which was usually considerable. It was often 
sufficient to induce strong respiratory efforts, and sometimes irregularity of 
the heart, which disappeared when the ductus was released. | 


100 
° 
8 
60 F @ 
p 
3s © Pentobarbitone and air 
: 40 F © Chloralose and air 
fe) 
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40 80 100 
Arterial % ©, saturation: ductus shut 


Fig. 4. Intrapulmonary arterio-venous shunt. Systemic arterial %O, saturations measured while 
an artificial ductus arteriosus was open (c,, ordinates) and shut (cy, abscissae) in thirteen dogs 
in which the O, saturation was varied by obstruction of parts of the bronchial tree. The dogs 
were anaesthetized and ventilated respectively with pentobarbitone and air (©), chloralose 
and air (©) or chloralose and O, (@). The regression lines have been plotted for equation (5) 
= 100 — (100 — cy) where =1 ( ) and 4 (----). 


The first seven experiments were done under pentobarbitone anaesthesia. 
It was then thought that if chloralose were used instead, the systemic blood 
pressure would be higher, the pressure drop across the ductus arteriosus, and 
therefore the pulmonary blood flow, would be greater when the ductus was 
open, and the fall in systemic arterial 40, saturation on occlusion of the 
ductus would be larger. Subsequent experiments were therefore done under 


chloralose anaesthesia, the systemic arterial pressure was on the average 
12 | PHYSIO. CXXX 
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higher, and Fig. 4 suggests that the fall of arterial 0, saturation on occlusion of 
the ductus arteriosus was greater. 

The dotted line in Fig. 4 indicates the change in arterial %O, saturation 
which would be expected if pulmonary blood flow were to be halved when the 
ductus arteriosus was occluded, and if 0, consumption were unchanged: 
c, = 100— 4(100—c,) from equation (5). Calculations of the relative proportion 
of blood flowing through the ductus arteriosus, in terms of total pulmonary 
flow, by measuring the 0, content of simultaneous samples from the right 
ventricle, left carotid and left pulmonary artery, showed that this estimate of 
the change of pulmonary blood flow was not unreasonable. However, it 
proved difficult to obtain mixed samples from the pulmonary artery, and it 
was also unlikely that the right heart output would stay unchanged when the 
ductus arteriosus was occluded and the cyanosis increased. Nevertheless, these 
observations appeared sufficiently encouraging to warrant a quantitative test 
of equation (5) by simultaneous measurement of arterial %0, saturation, 0, 
consumption, right heart output (Fick) and blood flow through the ductus 
arteriosus (flowmeter). 

Fig. 5 illustrates the procedure adopted. When the artificial ductus arteriosus 
was occluded the pulse pressure was reduced and the blood pressure rose at 
once, fell again and then rose more slowly to a stable level. The systemic arterial 
°40, saturation fell and had usually reached equilibrium within 2-3 min. The 
_ O, saturation of pulmonary arterial blood also fell very considerably, from 
65% down to 25% in the experiment depicted in Fig. 5. Table 2 sets out the 
subsequent calculations from the measurements illustrated in Fig. 5, from 
which it will be seen that there was satisfactory agreement between systemic 
arterial 90, saturation observed when the ductus was open, and that 
calculated from the arterial %/,0, saturation when the ductus was closed. There 
was no significant change in the oxygen-carrying capacity of the blood, on 
occlusion of the ductus arteriosus, so it was justifiable to express the changes 
in terms of oxygen saturation (compare equations 4 and 5). Three such sets of 
measurements, made during obstruction of different bronchi, were success- 
fully completed in each of five dogs, and the results are illustrated in Fig. 6. 
This agreement between observation and prediction was particularly striking 
since the calculation of } involved two separate estimates of right heart output 
from the Fick principle and measurement of flow through the ductus arteriosus. 
The errors to be expected from these measurements might well have led to a 
greater deviation than that shown in Fig. 6. 2 

Equation (5) does not distinguish between the effect of a change in total 
pulmonary blood flow caused by opening the ductus arteriosus and that 
caused by altering the right heart output. In two dogs, therefore, cyanosis was 
produced by obstruction of a part of the bronchial tree, and right heart output 
was measured by applying the Fick principle, in the absence of a ductus arterio- 
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sus. Cardiac output was varied by infusion of noradrenaline, or in one instance 
by joining one carotid artery to an external jugular vein. Table 3 shows that 
there was good agreement between the initial arterial 0, saturation, and 
that predicted from equation (5). In the experiments in which total pulmonary 
flow was varied by opening the artificial ductus arteriosus, even greater changes 


Flow through 
ductus 


r. ventricle 
Signal mark 


30 sec 


Fig. 5. Dog under chloralose anaesthesia, heparinized, chest open, and ventilated with air under 
positive pressure; the bronchi to the two right lower lobes of the lung were obstructed. 
Records from above downwards of 0, consumption from a volume recorder on a closed circuit 
attached to the respiration pump, of blood flow through an artificial ductus arteriosus (left 
subclavian artery to pulmonary trunk), femoral arterial pressure, %O, saturation of blood 
samples from the left carotid artery and right ventricle, signal mark and time in 30 sec 
intervals, The thick white line indicates a period during which the ductus was occluded. 


Taste 2. Calculation of systemic arterial %O, saturation when the ductus arteriosus is opened, 
given the initial systemic arterial %O, saturation and the changes in pulmonary blood flow 
and O, consumption, from the data of Fig. 5. 


Systemic 
arterial %O, 
Pulmonary Right Total saturation 
O,con- arterio-venous heart | Ductus pulmonary 
| sumption 0, difference output flow flow Ob- Calcu- 
Ductus (ml/min) (ml./100 ml.) (ml./min) (ml/min) (ml/min) « _ served lated 
Open 54 9-9 545 590 1135 21 11 835 82 
Closed 50 9-1 550 550 — — 66 
Open 49 12-1 405 500 905 418 10 81 81 
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of right heart output were sometimes observed, and the general applicability 
of equation (5) thus receives additional confirmation. 

Three of the five dogs used for the experiments in Fig. 6 were ventilated with 
air, and the other two with oxygen. In the three dogs ventilated with air, the 
oxygen saturation of the mixed venous blood fell at times to less than 10% 
when the ductus was occluded, but samples of blood withdrawn from the 
pulmonary veins draining the left lower lobe (whose bronchus was not obstruc- 
ted) were up to 97% saturated. Only in the two dogs ventilated with oxygen 
did the oxygen saturation of pulmonary venous blood exceed this figure, the 
highest observed being 103%. These differences were evidently not sufficient 
to affect the practical application of equation (5) to any material extent, since 
the calculated 940, saturations in Fig. 6 approximated to the predicted value 
whether the dog was ventilated with air or oxygen. 
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Arterial % O, saturation: calculated 


Fig. 6. Data from five dogs in each of which an intrapulmonary arterio-venous shunt was ceiise 
by obstruction of parts of the bronchial tree, and an artificial ductus arteriosus was con- 
structed. The systemic arterial % O, saturations observed while the ductus was open (ordi- 
nates) have been plotted against the %0, saturations calculated from equation (5) (abscissae). 
Two dogs were ventilated with O, (@) and the remainder with air (@). | 


‘TaBLe 3. Effect of changing right heart output and oxygen consumption in dogs with an 
intrapulmonary arterio-venous shunt 
Initial carotid 
arterial %0, 
saturation (+ 8.D.) 


Dog No.of Right-heart output O, consumption Carotid arterial Calcu- 


no. samples (ml./min) (ml./min) %O, saturation served lated 
23 6 500-270 30-23 87-79 88-5 8813 
24 5 1150-700 64-49 80-67 725 710+42 


The right heart outputs and rates of O, ecmumainnpton were used to calculate from equation (5) 
the initial carotid arterial saturation. 
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In five experiments in which the dogs were ventilated with air, and in three 
in which they were ventilated with oxygen, the artificial ductus arteriosus was 
opened, and later occluded, before any part of the bronchial tree had been 
obstructed. As Fig. 7 shows, occlusion of the ductus sometimes caused a small 
fall in systemic arterial °/,0, saturation. Similar observations have also been 
made by Leeds (1943), and can also be seen in the tables published by Eppinger, 
Burwell & Gross (1941). These observations would be consistent with the view 
that under the experimental conditions there might already have been a small 
pulmonary arterio-venous shunt, although no bronchus was obstructed. This 
would also explain why the systemic arterial 94,0, saturation was lower than 
that which might be expected during ventilation with either air or oxygen. 


| 

541 | » | 
Dog no. 4 6 9 8 5 10 11 18 


Fig. 7. Data from eight dogs ventilated with air or O, in which no part of the bronchial tree had 
been obstructed. The open columns indicate the systemic arterial %O, saturations when the 
artificial ductus arteriosus was open and the solid columns when the ductus was closed. 


This hypothetical shunt might, of course, be either within the lung (a few 
insufficiently ventilated alveoli or vessels supplied from the pulmonary arteries 
which do not traverse alveoli), or outside it (as for instance bronchial veins). 
The benefit which accrues from construction of an artificial ductus arteriosus 
in the presence of an intrapulmonary arterio-venous shunt may be estimated 
by the consequent increase in arterial 90, saturation, as shown in Fig. 4, 
but this change may be masked if the rate of O, consumption also increases. 
It may therefore be better to use the proportion of total venous return which 
passes through fully functional alveoli as an index of therapeutic effect. This 
index, which is independent of the rate of O, consumption, is defined as 


4~100—v’ 


where the %O, saturation of mixed venous blood is v, of systemic arterial 
blood is ¢, and of pulmonary venous blood is 100 (see Theory). There is no direct 
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relationship between this index y and the arterial %0, saturation c, as Bing et al. 
(1947) have suggested, since the equation contains an independent variable », 
The relationship between y and c is demonstrated graphically in Fig. 8, in 
which are plotted a number of different observations from six dogs; 0 was 
varied by obstructing different bronchi, and by opening or closing the ductus 
arteriosus. As one would expect, v is greater at larger values of c. 


Y= * 100 
100 
= 
§ 
2 = oe 
/ 
3 . 
> 
v=20 
0 | | | | 
20 40 60 80 100 
Arterial % O, saturation ¢ 


Fig. 8. Data from six dogs in which the systemic arterial %O, saturation was varied by obstructing _ 


different bronchi and by opening or closing the artificial ductus arteriosus. The percentage of 

total venous flow which passes through functional alveoli (ordinates) has been plotted against 

the carotid %O, saturation (abscissae). The regression lines have also been plotted for the 


equation Yi x 100, where v =0, 20 and 40, 


The increase in the proportion of the total venous return passing through © 


functional alveoli when the ductus arteriosus was opened is illustrated in Fig. 9. 
This shows the results of a typical experiment in which the dog was heparinized, 
the chest was widely opened and a flowmeter inserted into the circulation; 
these circumstances led to progressive deterioration due to blood loss and con- 


tinued anaesthesia under conditions of greater or lesser asphyxia. Therefore, | 


as the experiment proceeded the benefit from opening the ductus arteriosus, 
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which initially was considerable, decreased because the systemic arterial blood 
pressure fell, and therefore less blood flowed through the ductus when it was 
open. Similar observations were made on six dogs in all. 

Pulmonary arterio-venous shunt outside the lung. A pulmonary arterio-venous 
shunt outside the lung was produced in eight dogs by pumping blood from the 
right ventricle to the left atrium, and was altered to cause varying degrees of 


(mm Hg) 
150 


(ml./min/kg) 


Flow chrough 120 
us 


Systemic arterial 


right heart 
0 10 20 30 
Time (min) 


Fig. 9. Dog under chloralose anaesthesia, heparinized, chest open, and ventilated with air under 
positive pressure; the bronchi to the two right lower lobes of the lung were obstructed. 
Records from above downwards of the femoral arterial blood pressure, of pulmonary blood 
flow, and of the percentage of venous blood which passes through functional alveoli. The latter 
increases when the artificial ductus arteriosus is opened. 


cyanosis in the same dog. When the artificial ductus arteriosus was occluded 
there was always a fall in systemic arterial %O, saturation (Fig. 10). The fall 
was greater, the greater the initial cyanosis, and from the change observed it 
might have been expected that pulmonary blood flow was nearly doubled 
when the ductus was open, assuming that there was no substantial change in 
right heart output or oxygen consumption (Fig. 10). Estimates of pulmonary 
blood flow, derived from measurements of total right heart output (by the 
Fick principle) and of flow through the shunt and ductus arteriosus (by den- 
sity flowmeters) showed the mean change in pulmonary blood flow to be 
2-0 + 1:2 (s.p.). On the average, right heart output slightly increased when the 
ductus was occluded, a change which would tend somewhat to diminish the 
effect of the consequent reduction in pulmonary blood flow; alterations in 
oxygen consumption were insignificant. Thus, collectively, these results 
support our expectations. However, when the expected changes in systemic 
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arterial %O, saturation were calculated for each individual experiment by 
_ applying equation (10), taking into account all the variables, there was poor 
agreement with the values observed, the deviation sometimes being as much as 
20%. This is not altogether surprising, for the situation presented by a pul- 
monary arterio-venous shunt outside the lungs'is complex. In this condition 
a change in pulmonary blood flow caused by opening the ductus arteriosus has 
an effect on systemic arterial oxygen saturation quantitatively different 
100 


pe 
-B 
re} 
40r 
: 
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40 60 80 100 
Arterial % O, saturation: ductus shut Co 


Fig. 10. Pulmonary arterio-venous shunt outside the lungs. Systemic arterial %O, saturations 
measured while an artificial ductus arteriosus was open (c,, ordinates) and shut (cy, abscissae) 
in eight dogs in which the O, saturation was varied by pumping blood from the right 
ventricle to the - atrium. The. regression lines have been plotted for pie (11) 


¢, = 100 (100 - Co) = Be (———_) and 4 (- -- -). 
from that caused by an increase in right heart output. Thus inspection of 
equation (10) shows that an increase in right heart output (the measurement 
in which the largest error is to be expected) increases both 8 and e, which are 
then multiplied together, and any error is thereby accentuated. There is a 
further complication, as compared with an intrapulmonary shunt, in that it is 
necessary to measure the volume of blood flow through the shunt in order to 
calculate pulmonary blood flow from total right heart output. Analysis 
showed that the deviation in individual results could well be due to the cumu- 
lative effect of small errors in these measurements. It was concluded that the 
methods used, and particularly the application of the Fick principle for deter- 
mining right heart output, were not sufficiently precise to provide a satisfactory 
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quantitative test of equation (10) ia individual experiments. Nevertheless, as 
Fig. 10 shows, the changes observed were in the anticipated direction and of the 
right size, considering the results as a whole. 

It i8 also pertinent to remark that while experimental sssididatinds of equa- 
tion (5) (intrapulmonary arterio-venous shunt) was necessary because of the 
assumption that changes in vascular resistance of ventilated and unventilated 
alveoli were quantitatively similar, no such assumption has been made in the 
derivation of equation (10) (pulmonary arteriovenous shunt outside the lung). 
Consequently, this — must be valid if the circulation is as illustrated i in 
Fig. 2. | 

| DISCUSSION 

Intrapulmonary artervo-venous shunts. In newborn lambs central cyanosis 
due to non-uniform expansion of the lungs is partly relieved by the presence of 
a functional ductus arteriosus, through which blood flows from the aorta to 
increase total pulmonary blood flow. The present experiments show that in 
the adult dog, a non-uniform lung lesion, caused by obstruction of one or more 
bronchi, leads to a similar type of cyanosis which also is relieved by an artificial 
ductus arteriosus. Both phenomena can be explained very simply by recircula- 
tion of the cyanosed arterial blood, which passes through the ductus to pick 
up more oxygen until a new equilibrium is established ; the degree of relief can 
be predicted if the increase in total pulmonary blood flow is known. This expec- 
tation is naturally contingent on the existence of a sufficient reserve diffusion 
capacity in those alveoli which are fully functional. When the artificial ductus 
arteriosus is opened, blood flows through it from aorta to pulmonary trunk, 
pulmonary arterial pressure is raised, and the oxygen saturation of pulmonary 
arterial blood is also substantially increased. These changes might have been 
expected to alter the distribution of blood flow between the functional and 
non-functional parts of the lung, but no evidence of any systematic alteration 


was obtained. We were also unable to observe any consistent benefit from a_ 


functional ductus arteriosus when the cyanosis was caused by a uniform reduc- 
tion in the oxygen diffusion gradient across the lungs. These facts, considered 
together with the measurements of pulmonary blood flow already made in 
newhorn lambs (Dawes et al. 1955a) substantiate the view that in these animals 
the relief of central cyanosis by the patent ductus arteriosus is principally due 
to recirculation of blood through the lung. 

In the newborn lamb the pulmonary defect and the patent ductus arteriosus 
occur naturally; neither is permanent. In adult man there may be non-uniform 
pulmonary defects of an intractable nature which cause a similar physiological 
disorder, such as widespread, and therefore inoperable, bronchiectasis or 
emphysema, which also might be relieved by the construction of an artificial 
ductus arteriosus. The principle should apply, even if the practice is found to be 
inadvisable owing to lack of reserve capacity in the remaining functional 
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alveoli, or to existing pulmonary hypertension or to consequent right heart 
failure. It is of course much more satisfactory to remove the offending portion 
of the lung, or otherwise to reduce the volume of blood passing through the 
shunt, when that is possible. This remedy is available when the defect is 
localized, as in pulmonary haemangiomata (Friedlich, Bing & Blount, 1950), 
or in lesions otherwise confined to one or two lobes. It perhaps hardly needs 
emphasizing that small departures from pulmonary perfection, which can be 
represented as arterio-venous shunts of a minor degree, are very common or 
perhaps universal, since the systemic arterial blood is not completely saturated. 

The problems presented by pulmonary arterio-venous shunts have been 
considered in relation to the uptake of oxygen by the lungs, but there can be no 
reasonable doubt that the principles enunciated are also applicable to the 
removal of carbon dioxide. However, because of the large bicarbonate reserve, 
the changes in the carbon dioxide content of the blood are less easy to measure 
with the required degree of money: and — have not been examined 
experimentally. 


The tetralogy of Fallot. One of the most paieaien padnonaey arterio-venous 


shunts outside the lung occurs in the tetralogy of Fallot. In 1945 Blalock & 


Taussig showed that this condition could be substantially improved by con- 
struction of an artificial ductus arteriosus. The effectiveness of this operation is 
determined by a number of factors. The primary lesion in this condition is pul- 
monary stenosis combined with a communication between the right ventricle 
and the left ventricle and aorta. The pulmonary stenosis offers a high vascular 
resistance in series with that of the lungs, so that although the latter falls 
considerably on inflation at birth, pulmonary blood flow does not increase pro- 
portionately. Right ventricular pressure does not fall, but continues to exceed 
left ventricular or aortic pressure, and thus a pulmonary arterio-venous shunt 
occurs outside the lung. This is the cause of the cyanosis. 

Bing et al. (1947) have shown by catheterizing the heart and applying the 
Fick principle that pulmonary blood flow is reduced. Pulmonary venous blood 
samples withdrawn at operation were well saturated, so that there is no 
evidence of any defect in the lung parenchyma. This conclusion is reinforced 
by two observations. First, the benefit observed on construction of an artificial 
ductus arteriosus would not be seen if there were not sufficient reserve diffusion 


capacity in the lungs. Secondly, Blalock & Taussig (1945) found that there — 


was no increase in the cyanosis when the circulation to one lung was occluded 
in patients under operation. This must have been because the consequent 
increase in pulmonary vascular resistance was trivial compared with the 
resistance of the stenosis. Thus total pulmonary blood flow would be reduced 
very little, and the unobstructed lung must have been fully capable of 
oxygenating the increased volume of blood flowing through it. The improve- 
ment in the cyanosis of patients breathing 100% O, which was observed by 
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Blalock & Taussig (1945) can be explained by the extra quantity of oxygen 
which was absorbed, of which a part must have been dissolved in the plasma. 

Bing et al. (1947) also found that the oxygen content of right ventricular 
blood exceeded that of right atrial blood in twenty-seven out of thirty-six 
patients suffering from the tetralogy of Fallot. They therefore concluded that, 
in the majority of patients, a portion of left ventricular blood entered the 
right ventricle through the patent interventricular septum. A statistical 
analysis of their published figures gives even greater weight to this conclusion 
(P <0-0001). Yet pressure in the right ventricle must exceed that in the aorta 


since the patients are cyanosed. In order to explain the mixture of blood | 


between the two ventricles we must therefore suppose either that there is 
turbulence or, if flow is laminar, the paths of flow must cross through the inter- 
ventricular defect. In either event, the consequence is that part of the blood 
which reaches the pulmonary trunk has come straight from the pulmonary 
veins, and is therefore almost fully saturated with oxygen. The effective pul- 
monary blood flow (that is, the proportion of total venous return which reaches 
the lungs) is thereby reduced. | 

In these patients pulmonary blood flow cannot alter very much during exer- 
cise, since the high resistance offered by the stenotic lumen is in series with the 
low resistance of the lung; the right ventricular pressure is already high and 
cannot be increased substantially. Blood flow must therefore be almost con- 
stant. It is interesting to consider what will happen when oxygen consumption 
is increased under these conditions. Let the rate of blood flow per unit time 
through the lungs be Q, through the shunt be Q, and through the ductus be Qp. 
Let the oxygen content of mixed venous blood be v, that of pulmonary venous 
blood be @ and of systemic arterial (carotid) blood be c. Then considering the 
mixture of blood and oxygen from the lungs and the shunt, we have 


(Q+Qp+9,) 


Qa+Q, 


Therefore as 0, consumption increases and v falls, the systemic arterial O, 


or 


content falls to a minimum given by c= 0 . "Tg irrespective of whether or not 
8 


there is a ductus arteriosus or other anastomosis between the systemic and 

pulmonary arteries. Similarly, the rate of 0, uptake cannot exceed a maximum 
which may be derived from 

| R=Q (4-0) +Qp(a-<). (13) 

In the absence of a ductus arteriosus the maximum rate of O, uptake is there- 


fore R=Q a. 
In the presence of a ductus arteriosus the maximum rate of Q, uptake 
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will be R=Q.a+Qp (a—c) or, substituting the minimum value of c obtained 


This accounts for the substantial improvement in exercise tolerance which is 
observed in patients after operation. Their exercise tolerance must, however, 
still be very limited. | 

It has sometimes been stated that the Blalock-Taussig operation, and other 
similar procedures designed to construct an artificial ductus arteriosus, are of 
benefit only to patients in whom pulmonary blood flow is reduced. The 
theoretical analysis and experimental observations recorded in this paper show 
this statement to be altogether too restricted. An increase of pulmonary blood 
flow caused by the construction of an artificial ductus arteriosus will raise the 
systemic arterial O, saturation in any subject in whom it has been reduced by a 
pulmonary arterio-venous shunt, within or outside the lungs and irrespective 
of the initial pulmonary blood flow, always provided that there is sufficient 
functional reserve in the lungs. Nevertheless, it is true that if the subject is 
suffering not only from a pulmonary arterio-venous shunt but also from a 
severe limitation in total pulmonary blood flow, thus restricting 0, uptake 
(which is the condition in the tetralogy of Fallot), the practical benefit will 
be greater. 

Taussig & Blalock (1947) have measured the change in systemic arterial 
_ oxygen saturation within 9-14 days of constructing an artificial ductus arterio- 
sus in patients suffering from Fallot’s tetralogy. These measurements have been 
plotted in Fig. 11. The regression lines have also been plotted for equation (11) 
where f, the relative change in pulmonary blood flow is 1, 2 or 4, and where 
oxygen consumption, shunt flow and right heart output are unchanged 
(x, y, «=1). The scatter is wide, but some points lie very high, suggesting that 
pulmonary blood flow has increased very substantially, far more than in our 
experiments, as will be seen by comparing Figs. 10 and 11. This is only to be 
expected, since in patients with Fallot’s tetralogy effective pulmonary blood 
flow is very much reduced in addition to the arterio-venous shunt. 

There are some further points which arise when considering the alternative 
of constructing an artificial ductus arteriosus or of increasing the lumen of the 


stenosis, by valvulotomy or other means. Brock (1952) has emphasized the : 


desirability of the latter, where possible, and his arguments may be reinforced 
by a theoretical consideration. Thus if pulmonary blood flow is doubled by 
construction of an artificial ductus arteriosus, the benefit may be calculated 
from c, = 100 — }$(100 —¢y) (where «, yand «=1; equation 11). An initial arterial 
O, saturation of 40% will be raised to 70%. But if pulmonary blood flow is 


doubled by increasing right heart output, we have c,=100 = (100 — cg) 
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(where a and y=1 but ¢>1; equation 11); arterial 0, saturation will therefore 

exceed 70%. This is an expression of the fact that it is better to increase 

pulmonary flow with venous blood than with arterial blood. While the haemo- 

dynamic effects of constructing an artificial ductus arteriosus are, if anything, 

to increase arterio-venous shunt flow by lowering aortic pressure and raising 
100 


\ 


Arterial % O, saturation: after operation 


40 60 100 
Arterial % O, saturation: before operation 
Fig. 11. Tetralogy of Fallot. Data from Taussig & Blalock (1947). Systemic arterial %0, 
saturations of patients suffering from the tetralogy of Fallot before (cy, abscissae) and 9-14 days 
after (c,, ordinates) construction of an artificial ductus arteriosus. The regression lines have 


also been plotted for equation (11) ¢,=100 (100 57, where 5 (——), 4 and 4 


pulmonary arterial pressure, operations which relieve the stenosis will tend to 
reduce this shunt flow. However, there may be a limit to the benefit derived 
from the latter operation, since though the right-to-left shunt may be reduced 
so much that cyanosis disappears, the left-to-right shunt may correspondingly 
increase, and therefore exercise tolerance will still be restricted. 


SUMMARY 


1. Central cyanosis may be caused by pulmonary arterio-venous shunts 
within or outside the lungs. A theoretical analysis is presented of the relief to 
be expected in these conditions by increasing pulmonary blood flow, either by 
augmentation of the right heart output or by construction of an artificial ductus 
arteriosus, These principles were tested quantitatively in dogs. 

2. Cyanosis caused by reducing the oxygen content of the inspired air was 
not consistently relieved by construction of an artificial ductus arteriosus. 
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3. Cyanosis due to an intrapulmonary arterio-venous shunt, caused by 
obstruction of one or more bronchi, was partly relieved by a ductus arteriosus, 
There was good agreement with theoretical expectations. This explains the 
beneficial effect of a patent ductus arteriosus in the newborn lamb, in which 
the lungs are not yet fully expanded. 

4. Cyanosis due to a pulmonary arterio-venous shunt outside the lungs, 
caused by pumping blood from the right ventricle to the left atrium, was also 
partly relieved by a ductus arteriosus. The benefit was on the average consis- 
tent with expectations, though agreement with theory was less satisfactory in 
individual experiments because of cumulative errors in the various measure- 
ments. 

5. Attention is drawn to the possible application of these principles in 
widespread but non-uniform disease of the lungs; cyanosis caused by venous 
admixture in such conditions might be ameliorated by construction of an 
artificial ductus arteriosus. The analogous situation in patients suffering from 
the tetralogy of Fallot is also discussed. 


We are very grateful to the Nuffield Foundation for a grant towards the cost of this work, and 
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THE VIABILITY OF PREMATURE LAMBS 


By G. V. R. BORN, G. 8. DAWES anp JOAN C. MOTT 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 25 April 1955) 


In mature newborn lambs the pulmonary arterial blood pressure falls, and the 
direction of blood flow through the ductus arteriosus is reversed soon after 
ventilation of the lungs. This is caused by the large increase in pulmonary 
vascular conductance which results from expansion of the lungs; indeed this 
increase in pulmonary vascular conductance is one of the principal factors on 
which the metamorphosis of the foetal into the adult circulation depends 
(Born, Dawes, Mott & Widdicombe, 1955). In a previous paper (Dawes, Mott, 
Widdicombe & Wyatt, 1953), it was noticed that when the lungs of two young 
lambs (111 and 121 days gestation; full term 147 days) were ventilated with 
oxygen, the arterial oxygen saturation fell to very low levels on tying the 
umbilical cord. It was suggested that this might be related to the failure of 
pulmonary blood flow to increase substantially on ventilation in premature 
lambs. The present paper describes the effect on the arterial oxygen saturation 
and on the lungs of ventilating lambs delivered by caesarian section, ranging 
in gestation age from 89 days upwards. Many of these lambs had twin siblings; 
the change in the pulmonary vascular bed on ventilation was also examined by 
perfusion of the isolated lungs of the twins. 


METHODS 


Clun-Hampshire or Suffolk ewes were delivered under Dial-urethane (5: 5-diallylbarbituric acid 
0-1g, urethane 0-4 g/ml.) or sodium pentobarbitone anaesthesia as described previously (Dawes, 
Mott, Widdicombe & Wyatt, 1958). The systemic arterial blood pressure of the foetuses, of from 89 
to 139 days gestation age, was measured by a condenser manometer (frequency response >150c/s, 
including gauge-head and catheter) from the femoral artery. Heart rate was calculated from 
records of the pulse wave, displayed on an oscilloscope and photographed at intervals of 1-2 min 
throughout the experiment. Carotid arterial blood samples (0-5-1-0 ml.) were withdrawn into 
syringes for analysis of their oxygen content; they were mixed with a trace of heparin (20%) and 
sodium fluoride (4%), and placed in an ice-water mixture in a vacuum flask until estimated. In a 
few lambs the chest was opened up the midline in order to measure blood flow through the left 
pulmonary artery with a density flowmeter (Dawes, Mott & Vane, 1953) as described previously 
(Dawes, Mott, Widdicombe & Wyatt, 1953). In some other lambs the chest was opened to the left 
of the midline, with removal of one or more ribs in order to give access to the ductus arteriosus, 
whose external diameter was measured directly with pair of calipers. Pulmonary arterial 
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pressure was measured with a condenser manometer attached to a large bore needle plunged 
directly into the pulmonary trunk (frequency response >250 c/s, gauge-head and needle). ‘The 
development of a murmur in the pulmonary trunk due to constriction of the ductus arteriosus after 
ventilation was followed by application of a small stethoscope bell directly to the pulmonary 
trunk, and was recorded by an Elmquist phonocardiograph. Lambs were ventilated with a 
Starling Ideal pump by positive pressure delivered through a tracheal cannula. The peak intra- 
tracheal pressure was recorded, and the tidal air calculated as described previously (Dawes, Mott, 
Widdicombe & Wyatt, 1953), 

The isolated lungs of foetal lambs were perfused with warm maternal or foetal heparinized 
blood as described by Dawes, Mott & Widdicombe (1955a) and were ventilated with positive 
pressure by a Starling Ideal pump. The lungs were not removed from the body, but were perfused 
in situ from the pulmonary trunk after tying the ductus arteriosus; the venous effluent was 
collected from the left atrium, and the great veins were ligated in order to prevent loss of blood 
through the foramen ovale. 


Internal boundary 


of icti 
constriction 


Antero-lateral elevation 1°™ Plan 
* Fig. 1. Antero-lateral elevation (A) and plan (B) of Warburg flasks used in blood 
gas analyses. 


The oxygen content and capacity of a few samples of blood were analysed using the micro- 
method of Roughton & Scholander (1943). The majority were measured using a modification ot 
the Barcroft-Haldane method, similar to that described by Maegraith, Jones & Sculthorpe 
(1950), for the Warburg apparatus. 

Blood gas analysis. Standard Warburg manometers were used with specially designed flasks, 
the shape and dimensions of which are shown in Fig. 1. These flasks are small in order to attain the 
requisite sensitivity with small blood samples, and the constriction in the neck of the bulb is 
required to prevent spilling from or into the side tubes at the high shaking rate needed to complete 
the uptake of oxygen within a reasonably short period of time. The flask constants are derived 
in the usual way (Umbreit, Burris & Stauffer, 1951). The solutions are the same as those used in 


Haldane’s method as modified by Dougian & Priestley (1948). 0-4 ml. borate buffer is placed in ~ 


the main compartment, 0-2 ml. ferricyanide-saponin solution in one side-arm and 0-2 ml. tartaric 
acid in the other side-arm, Blood is withdrawn into syringes, which are not lubricated, and is 
transferred into Ostwald pipettes as described by Roughton & Scholander (1943). The Ostwald 
pipettes are modified as follows: 

The pipette is shortened as much as possible between the lower graduation mark and the tip in 
order to reduce the amount of blood wasted. The tip is ground obliquely at an angle of about 30° 
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so that, when it tests against the bottom of the centre of the flasks with the pipette held vertically 
the blood flows out of the pipette at a moderate, even rate, 0-5 ml. blood is pipetted into the flask 
beneath the buffer. Control experiments showed that no significant oxygen uptake occurred for 
45 min theréafter, though the subsequent manipulations, even when a‘ series of eighteen flasks 
were set up together, took very much less time. The joint on the manometer is greased with 
vaseline and the flask attached. All movements of the flask must be gentle to avoid mixing the 
blood with the buffer. One flask containing the solutions but no blood acts as a thermobarometer. 

With taps open, the manometers are transferred to the Warburg bath, which is maintained at 
about 4° C above room temperature. The bath temperature must be sufficiently above room 
temperature so that the thermostat works satisfactorily, but the nearer to room temperature the 
better, since when these small flasks are used a larger proportion of the total gas in the manometer 
is outside the water-bath. After 10 min the taps are closed and a reading (A) is taken. The flasks 
are then shaken at about 150 c/min for 20 min and a reading (B) is taken. The ferricyanide-saponin 
solution is tipped into the main compartment, the flasks are shaken for 10 min and a reading (C) 
is taken. This completes the manoeuvres required for calculating 0, content (C — A) and O, 
capacity (C - B). If the CO, content is to be estimated, the taps are opened and the manometers 
reset to permit greater changes of pressure (Dixon, 1951). A reading is taken (D), the tartaric 
acid is tipped into the main compartment, the flasks are shaken for 10 min and a final reading (Z) 
is taken. The CO, content (H — D) may then be calculated. 

Fig. 2 and Table 1 show the results of an experiment in which the blood of a foetal sheep was 
analysed for O, content and capacity in this way. Fig. 2 shows the rate of uptake of O, when the 
flasks are shaken and the rate of liberation of O, after the ferricyanide-saponin solution has been 
added. The mean readings and the ranges of six parallel analyses are shown. It can be seen that 
the oxygen uptake is complete in 20 min and the oxygen liberation in 10 min, and that after these 
times the readings remain constant, within the experimental error, for 10 and 20 min respectively. 

Table 1 shows the O, contents and capacities found when eight samples of this blood were 
analysed simultaneously. The accuracy of the method for 0, content and capacity, using 0-5 ml. 
blood, is about one-half of that claimed for the Barcroft-Haldane method or the micromethod of 
Roughton & Scholander (1943) in practised hands. The principal advantage of the present 
method is saving of time. Using a bath with eighteen manometers, one of which acts as a thermo- 
barometer, the average rate at which analyses for 0, can be completed is ten per hour or, for O, 
and CO,, per hour and a half, including washing, drying and filling the flasks. The principal 
differences from the procedure described by Maegraith et al. (1950) are in the shape of the flasks, 
which had to be redesigned to prevent spilling at the high shaking rate required to complete the 
reactions within the times specified, and in the use of a bath temperature much closer to room 
temperature. At 38° C we were unable to get duplicate analyses to agree closer than +5%. Errors 
were also introduced when the syringes were lubricated with liquid paraffin, since fine droplets 
were transferred to the flasks and caused variations in the estimation of O, capacity, though the 
estimate of % O, saturation was not affected. The use of silicone in place of paraffin as a lubricant 
improved the accuracy of estimation, but we now prefer not to lubricate the syringes at all. 


RESULTS 

The viability of premature lambs 

Lambs which are younger than 110 days gestation age are not only smaller 
than older lambs but they have little or no wool, the tissues are paler and more 
fragile, and the blood vessels tear more easily. The vessels do not bleed very much 
when they are cut, which may be related to the fact that the blood pressure 
is lower than that of more mature lambs. The increase of arterial pressure 
with foetal age was first commented on by Seitz (1901) and was demonstrated 


‘insheep by Barcroft & Barron (1945) and by Barcroft (1935). However, under 
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Barcroft’s experimental conditions the oxygen saturation of the carotid 


arterial blood fell during the last 10 days of pregnancy (Barcroft, Barron, 


Cowie & Forsham, 1940) at the time when the principal rise in blood pressure 
was observed. Recent observations have shown that when the arterial oxygen 
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Fig. 2. Rate of uptake and liberation of 0, in Warburg flasks during blood gas analysis. The 
means and ranges of six parallel analyses are shown. Bath temperature 25-4° C, room 
temperature 20-8 °C, Shaking rate 145 c/min. 


Tas.z 1. Eight parallel determinations of the O, capacity and O, saturation of foetal 


sheep’s blood 
O, capaci % 0 

(ml./100 ml, blood) saturation 
20-2 8-0 
20-2 8-O 
20-6 8-8 
20-0 70 
20-0 75 
20:8 9-7 
20-2 75 
20-6 8-3 

Mean 20-3 8-1 

Range 20-0-20-8 7-0-9-7 


saturation of a foetal lamb is reduced, by giving the mother 10% oxygen in 
nitrogen to breathe, the foetal blood pressure rises (Born, Dawes, Mott & 
Widdicombe, 1955). The changes in blood pressure with gestation age might 
therefore have been due to foetal anoxaemia. However, we have repeated 
these observations, under Dial-urethane or pentobarbitone anaesthesia with 
the ewe lying on her side, and found that the increase in arterial pressure with 
increasing foetal age was still present (Fig. 3), although there was no evidence 
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of a fall in carotid arterial oxygen saturation (Fig. 4). All the measurements 
were made as soon as possible after delivery, and it will be seen that arterial _ 
pressure nearly doubled over the latter part of pregnancy. Figs. 3 and 4 also : 
suggest that during the last 2 weeks both the carotid oxygen saturation and the | 
blood pressure are higher under pentobarbitone anaesthesia than under Dial- 
urethane. There was not sufficient data to determine whether there was any 
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Fig. 3. Systemic arterial blood pressure of foetal lambs under Dial-urethane (©) or 
pentobarbitone (@) anaesthesia plotted against gestational age. 
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Fig. 4. Carotid arterial % O, saturation of foetal lambs under Dial-urethane (©) or 
pentobarbitone (@) anaesthesia plotted against gestational age. 
13-2 


ta 
Re 
1e 
| 
3 
“wy 


196 G. V. R. BORN, G. 8S. DAWES AND JOAN OC. MOTT 


significant variation in pressure with breed or sex, but if so, this variation was 
certainly. small compared with that attributed to age. It seems possible that 
the decrease in arterial oxygen saturation near term, which was observed by 
Barcroft et al. (1940), may have been due either to interference with maternal 
breathing or to impairment of uterine blood flow under their experimental 
conditions. We have observed a similar decrease in arterial oxygen saturation 
in foetal lambs near term under local anaesthesia (Dawes, Mott & Widdicombe, 
1954), which was used in some of Barcroft’s experiments. Under local anaes- 
thesia the ewe lay quietly on her side and was certainly in no distress, yet the 
abdominal muscles were tense. 

Whereas adequate ventilation of the lungs of a mature lamb, Sithin 2 weeks 
of term, caused a large fall of systemic arterial pressure, ventilation of the 
lungs of lambs which were less than 110 days gestation age caused little or no 
fall of blood pressure (Fig. 5). Fig. 6 shows the change in the percentage fall in 
arterial pressure on ventilation with gestation age. In the twelve lambs of 
110 days age or less the mean fall was 6%, whereas in the twelve lambs of more 
than 130 days age the mean fall was 26%. 

The youngest lambs also failed to oxygenate their blood adequately on 
ventilation. As Fig. 5 shows there was no change or even sometimes 4 small fall 
in the % O, saturation of the arterial blood on ventilation, and when the 
umbilical cord was tied the arterial O, saturation fell precipitously to zero. 
The blood pressure rose at once because of the increase in systemic arterial 
resistance, due to the interruption of placental blood flow, and thereafter fell 
slowly over a long period of time. The heart continued to beat for half an hour 
or more. The heart rate decreased immediately the cord was tied; this is the 
usual reaction of the foetal lamb to acute profound anoxaemia. Table 2 shows — 
the changes in arterial O, saturation on ventilation and tying the umbilical 
cord in eighteen lambs between 89 and 139 days gestation age. It will be seen 
that there was a good correlation between the percentage fall in arterial 
pressure on ventilation and the ability of the lungs to oxygenate the blood, as 
judged either by the change’in arterial O, saturation on ventilation or the 
arterial O, saturation attained some 10-20 min after the umbilical cord has 
been tied. In all the lambs of 100 days age or less the fall in pressure on ventila- 
tion was less than 10%, and they failed to oxygenate their blood adequately. 
Lambs 416B and 426 fall into the same category, while in lambs 462 A, 323 
and 4028 the fall in pressure on ventilation was 10% or just over, and the 
arterial oxygen saturation after tying the umbilical cord rose to 20-30%. 
In the other eight lambs of Table 2 the lungs were obviously more efficient. 


Out of some fifty lambs of 120 days age or more whose lungs have been 


inflated by artificial positive pressure ventilation under comparable circum- 
stances, only two failed to oxygenate the blood adequately when the umbilical 
cord was tied, and in one of these there was some doubt as to the accuracy of 


? 
a 
We 
7s 
say 


VIABILITY OF PREMATURE LAMBS ; 197 


| Ventilation 
r begun with air 
E 
E 


250 Femoral arterial pressure 


Heart rate 


Umbilical 


cord tied 
65 59 0 
? 
Carotid % O saturation 
L 
0 20 30 40 
Minutes 


Fig. 5. Foetal lamb 404B; 94 days gestation, pentobarbitone anaesthesia. Records from above 
downwards of mean femoral arterial pressure (by a condenser manometer), of heart rate 
(measured from the photographic record), and of carotid % O, saturation. This lamb was too 


young to survive independently. 
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the gestation age. There was therefore a positive correlation between the fall 
in arterial pressure on ventilation and the ability of the lungs to oxygenate the 
blood adequately when the placental circulation has been interrupted, both in 
general and in individual lambs. 


TaBLE 2. Effect of ventilation and tying the umbilical cord on the arterial pressure and 
% O, saturation of lambs of different gestational ages 
% O, saturation 


Gesta- Initial umbili- 
tion arterial % fallin Before After cal 


age Weight pressure pressureon venti- venti- cord Ventilated 
Lamb Breed (days) (kg) (mm Hg) ventilation lation lation tied 


305B H 89 OB 40 0 48,52 52,43 10,11 0, 
8 91 #06 0 56,56 65 
4641B 8 91 06 39 5 68,74 65 0 0, 
4044B 4H 94 09 34 3 45,65 59 0 0, 
321A 4H 98 08 28 7 0, 
416B 4H 1030 44 1 0, 
462A § 1034 35 13 66 0, 
323 H 106 40 10 25 38,34 31 0, 
402A 109 4) it 
4022B 4H 45 11 62,60 58 10,22 0, 
303B 4H 11015 37 0, 
4934 4H 11218 48 17 66,63 80 60,100 0, 
436A 4H 118 3-2 60 38 81, 73 71 Air 
100 0, 
304 H 11929 49 14 23 40 
66 0, 
H 119-4 40 20 68,51 89 99 0, 
430A 132 60 13 «57, 65 57, 57 Air 
94 2 
139 43 54 15 38, 42 58 Air 
83 0, 


_ Breeds: H, Hampshire; 8, Suffolk. 


Changes in pulmonary blood flow on ventilation 

In a previous paper (Dawes, Mott, Widdicombe & Wyatt, 1953) it was sug- 
gested that viability in young lambs was felated to the increase in pulmonary 
blood flow on ventilation. A few more measurements of pulmonary flow have 
been made. In lamb 323 (106 days) which was perhaps just viable, the 
pulmonary vascular resistance fell only 42° on ventilation. In lambs 303B 
(110 days) and 304 (119 days) the pulmonary vascular resistance fell much 
more, 94 and 73% respectively, and as Table 2 shows, the oxygen saturation 
rose satisfactorily on ventilation. While these observations were encouraging, 
it proved too difficult to measure pulmonary blood flow directly in younger 
lambs. Of nineteen such experiments which were successful only three were 
performed in lambs less than 120 days old, while of eleven failures six were in 
lambs less than 120 days old. This was attributed to the smaller size and 
greater friability of the pulmonary vessels in younger lambs. We therefore 
turned to perfusion of the isolated lungs, which is technically simpler, in order 
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to compare more satisfactorily the pulmonary vascular changes in mature and 
premature lambs on ventilation of the lungs. The majority of the lambs used 
for these perfusion experiments were twins of those in which viability had 
been tested by positive pressure inflation of the lungs in vivo. These twins are | 
indicated by a corresponding serial number in Tables 2 and 3. | 

In mature lambs ventilation of the isolated perfused lungs with air always 
caused a more or less rapid increase of pulmonary blood flow accompanied by a 
fall of perfusion pressure (Fig. 7). This change was permanent in the sense 
that, when the lungs had been ventilated for 20-30 min, stopping the respira- 
tion pump for several minutes (some gas presumably remaining in the lungs) 
did not alter pulmonary blood flow or perfusion pressure. Before ventilation 
was begun the observations necessary to construct a pressure-flow diagram 
were made, by increasing the perfusion pressure in steps of approximately 5 mm 
Hg at a time and recording the flow for about 2 min until a steady rate was 
reached. The perfusion pressure was raised in steps up to 50-60 mm Hg and 
then lowered in the same way until flow almost stopped; the pressure was then 
returned to a value of 30-40 mm Hg. Fig. 8 (lamb 406B) shows a typical 
pressure-flow diagram before and after ventilation in a foetus of 138 days 
gestation age; ventilation for about a quarter of an hour caused a great 
increase in vascular conductance. Conductance, the reciprocal of resistance, 
is used in preference to the latter, because we are here interested in the ability 
of the pulmonary vessels to pass increasing quantities of blood through them,, 
and thereby to alter the circulatory system into its neonatal form, rather than 
in their ability, by resisting the passage of blood, to maintain a high blood 
pressure. The relationship between pressure and flow, both before and after 
ventilation, in all the perfused lungs was approximately linear over the greater 
part of the range of flows investigated, until the flow reached low values, when 
the curve became asymptotic to the pressure co-ordinate. However, the 
regression lines before and after ventilation were never parallel, that obtained 
after ventilation being steeper and intercepting the pressure co-ordinate at a 
lower pressure (Fig. 8). It is therefore impossible to express the increase in 
pulmonary vascular conductance on ventilating the lungs by a single figure. 
Fig. 8 (lamb 404A) also shows that compared with a mature lamb, ventilation 
of the lungs of a lamb of only 94 days gestation age causes little change in 
pulmonary vascular conductance. In order to express the changes observed on 
ventilation of mature and premature lambs we have calculated the slope of the 
pressure-flow regression line and also the critical closing pressure, defined as 
that pressure at which the pressure-flow regression line intercepts the pressure 
co-ordinate. Table 3 shows these results. Although the changes are qualita- 
tively similar in premature and in mature lambs, it can be seen at once that 
there is a much greater decrease in critical closing pressure on ventilating the 
lungs of mature lambs than in premature lambs. There is also a tendency for the 
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Fig. 7. Foetal lamb 430B; 132 days gestation. Preparation of isolated perfused lungs. Records 
from above downwards of pulmonary blood flow, intratracheal pressure and perfusion 
‘pressure. At the signal mark the trachea was — and fluid sucked out from the larger 

| ‘bronehi; ventilation began at the arrow. 


138 days gestation age 
150 + 
ee 
é 
Dr oe 
3 
404A 
20 30 40 50 


Pulmonary arterial perfusion pressure (mm Hg) 


Fig. 8. Perfusion of isolated lungs of two foetal lambs. 406B (138 days gestation) and 404A 
(94 days gestation). Pressure-flow diagrams were constructed before ventilation (©) and 


approximately 15. min later (@) when the principal increase in pulmonary vascular con- 
ductance had taken place. 
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slope of the pressure-flow regression line to increase more on ventilation in 
mature lambs. In the seven lambs which were 112 days old or less pulmonary 
blood flow increased on the average 1-5-fold on ventilation when the perfusion 
pressure was maintained at 40 mm Hg whereas, in the seven lambs which were 
118 a old or more ventilation caused a mean increase of 17-fold. 


3. in the of the pulmonary pressure. flow regression lines and in critical 
closing pressures on ventilating perfused lungs from lambs of different gestational ages 


Slope of pressure-flow Critical closing pressure 
regression line (ml. mil./min/mm Hg) (mm 
tion age Weight Before. After After % 
.Lamb = (days) (kg) — ventilation ventilation increase ventilation ventilation decrease 

404 A 94 0-8 1-1 1-4 27 35 31 | ee 
416A 103 1-1 0-4 0-4 0 50 45 10 
413B 103 1-2 1-3 2-0 «64 30 23 23 
462B 104 1-4 3-7 4-5 22 29 27 7 
426B 108 (15 1-7 2:3 35 23 18 22 
402C 109 1-3 2:1 3:2 62 14 10 29 
428B 112 1-6 2-0 2-5 25 13 8 35 
436C 118 2-2 2-4 4-0 67 49 12 75 
423B 119 2-2 2:8 5-4 93 13 6 54 
430B 132 2-9 0-9 21 133 41 8 81 
465 134 3-0 5-2 9-8 89 23 6 74 
406B 138 3-9 2-4 5-0 108 33 13 61 
412 138 4-0 1-0 2-0 100 36 20 44 
427B 139 4-5 0-3 1+] 266 44 10 77 


Tas.E 4, Comparison of viability (°%% O, saturation when umbilical cord was tied) and pulmonary 
vascular conductance (critical closing pressure of perfused lungs) of sets of twin lambs of 


different gestational ages 


| Arterial % O, saturation Critical closing pressure 
Lamb Fadl cord tied after (mm Hg) 
94 03 31g 
416 103 lg 453 
462 104 243 279 
426 108° 103 189 
, 109 84, 103 
428 112 1003 
— 436 118 1003 129 
_ 423 119 992 62 
430 132 949 89 
427 139 839 102 
Triplets 


We may now correlate the viability of lambs of different gestation ages with 
_ the changes in pulmonary vascular conductance on ventilation of their twins. 
The data on ten sets of twins have been assembled for comparison in Table 4. 
The criterion chosen for viability is the arterial % O, saturation on ventila- 
tion with Q,, and that’ for pulmonary vascular conductance is the critical 
closing pressure after ventilation. It is clear that as the critical closing pressure 
of the. pulmonary vascular bed decreases with gestation age in one sabe the 
ability to survive increases'in the other twin of the pair. © a 
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There is a further point which arises from consideration of the pulmonary 
pressure-flow diagram in very young foetuses. The critical closing pressure of 
the pulmonary vessels is high in these lambs, at an age when the arterial 
blood pressure is low (Fig. 3). In mature foetuses about 10% of the combined 
ventricular output flows through the lungs (Dawes et al. 1954), but the propor- 
tion might be less in younger animals. Thus if we compare the mean arterial 
pressures (Table 2) and the pulmonary critical closing pressures (Table 3) of 
twins, it will be seen that in the two youngest pairs (404 and 416), the former 
was actually less than the latter, so if the two types of experiment were strictly 
comparable there should be no pulmonary blood flow. In the other eight pairs 
of twins the arterial pressure exceeded the critical closing pressure. However, 


direct observation of the left pulmonary artery shows that blood does flow | 


TaBie 5, % O, saturation of simultaneous blood samples in two premature lambs 


Thoracic 
Age Weight inferior Carotid |§ Pulmonary 
Lamb (days) (kg) vena cava -— artery 
404C 94 0-65 54 48 37 
50 47 23 
416A - 108 1-1 69 62 56 


Blood samples were withdrawn by three observers simultaneously from catheters in the left 
carotid artery and the thoracic inferior vena cava (passed up from a femoral vein) and by direct 
puncture from the pulmonary trunk. 


through the lungs even in very young lambs. We also obtained simultaneous 


blood samples from lambs 404C and 416A (Table 5), from which it can be seen 
that the carotid arterial blood contains less oxygen than that in the inferior 
vena cava. The latter is diluted in the left atrium with blood from the 
pulmonary veins, which in turn is derived partly from the bronchial veins and 
partly from the pulmonary trunk. We have also recorded the rate of left 
pulmonary arterial blood flow directly with a flowmeter in four lambs of 106- 
112 days gestation age; it varied from 6 to 22 ml./min/kg. Indeed the largest 
pulmonary flow per kg body weight was recorded in a lamb whose arterial 
oxygen saturation fell to very low values on ventilation, and which was not in 
our opinion viable. These values for left pulmonary arterial blood flow/kg 
were all higher than the mean value in eight lambs of 130 days or more gesta- 
tion age recorded previously (Dawes, Mott, Widdicombe & Wyatt, 1953), and 
there is therefore no evidence of a reduced pulmonary flow in the premature 


foetus before ventilation. It is therefore not justifiable to apply the values for 


critical closing pressures obtained on isolated perfused lungs to the intact lamb 
in vivo. 3 
Ventilation of the lungs with nitrogen. The lungs of nine of the fourteen lambs 
were first ventilated with nitrogen. There was no qualitative difference in the 
effect on the pulmonary circulation whether the lungs were initially inflated 
with nitrogen or with air. In the youngest lambs, less than 112 days gestation 
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age, where the effects of ventilation were in any event trifling, subsequently 
changing the ventilating gas from nitrogen to air made no detectable difference. 
In older lambs, while inflation from the beginning with nitrogen caused the 
characteristic increase of pulmonary blood flow and decrease of perfusion 
pressure, these changes became even more pronounced when air was sub- 
stituted for nitrogen as the ventilating gas (Fig. 9). While it is therefore clear 


40: 
E 
2 
Signal mark 


Fig. 9. Foetal lamb 465A; 134 days gestation. Preparation of isolated perfused lungs. Records 
from above downwards of pulmonary blood flow, intratracheal pressure and perfusion 
pressure. At the first signal mark the trachea was opened and drained. Ventilation was begun 
with N,; the stroke of the respiration pump was increased at the arrow. There was a gap of 
2 min between the records and at the third signal mark the N, was replaced with air. 


that the essential physical change consequent on ventilation of the lungs for the 
first time does not depend on the presence of oxygen in the ventilating gas, yet 
the composition of the latter may be important. | 

It is also pertinent to mention that addition to the perfusion reservoir of 
blood of the same origin as that with which perfusion was started (either foetal 
or maternal), but which had been kept in a warm water-bath for 10-30 min, 
caused pulmonary vasoconstriction. A similar vasoconstriction was seen on 
addition of 5-hydroxytryptamine. It is therefore possible that the additional 
increase in pulmonary vascular conductance which was seen when the lungs 
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were ventilated with air, after ventilation with nitrogen, may have been due 


to the removal of vasoconstrictor substances formed in the absence of sufficient 


oxygen. Alternatively the phenomenon may be related to that observed by 
Nisell (1948, 1950) and Duke (1951, 1954) in the isolated perfused lungs of 
cats and ascribed to changes in the — tension of the alveolar air or the 
perfusate. 

These observations do not invalidate the conclusions about the changes in 
pulmonary vascular conductance on ventilation, drawn from the: pressure- 
flow diagrams as described above. The pressure-flow diagrams were always 
determined during ventilation with air, and when it was found that vaso- 
constrictor substances developed in standing blood, a number of experiments 
were performed with blood freshly drawn from the ewe; the results were 
qualitatively similar to those obtained with the lambs’ own blood. 

The expansion of the lungs on ventilation. In a previous paper (Dawes, Mott, 
Widdicombe & Wyatt, 1953) it was found necessary to inflate the lungs of 
mature lamb foetuses to’ pressures of 20-40 mm Hg before adequate ventila- 
tion was achieved. In premature lambs of less than 110 days gestation age, 
inflation of the lungs was even more difficult. In the youngest lambs of 94-104 
days gestation age inflation first caused the appearance, as seen from the out- 
side, of silvery tubes within the lungs; these were bronchioles made visible by 
the air within them and not concealed from view by the distension of superficial 
alveoli. After a little while the superficial alveoli began to expand in patches, 
raised from the surface of the lung, and this process gradually extended over 
the greater part of the lungs. It was particularly easy in these young lambs to 
rupture the lungs by excessive pressure. Often after ventilation for 10-20 min, 
although the peak intratracheal pressure was less than that which had been 
used at the beginning of inflation, an emphysematous bulla would appear over 
the surface of one of the expanded patches of alveoli and continued to expand 
until it finally burst. In lambs which were of 110 days gestation age or more 
the silvery appearance of the bronchioles was not seen on beginning inflation, 
the surface of the lungs was much more even and the superficial alveoli 
appeared to fill fairly well although still rather patchily. In lambs of 120 days 
gestation age or more the lungs expanded on ventilation in much the same way 
as those of mature lambs within a few days of term. - 

Continuous records of intratracheal pressures at known ait pressure 
inflation volumes were made during all the experiments described above. The 
tidal air, and hence the distensibility of the airways of the lung, was calculated 
from these observations as described previously (Dawes, Mott, Widdicombe & 
Wyatt, 1953). The term distensibility is used to denote the increase in tidal air 
per unit increase of peak inflation pressure. It was observed previously that 
the distensibility increases rapidly for the first quarter of an hour after ventila- 
tion and thereafter more slowly, and this is true not only of lambs with intact 
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chests, but as can be seen from Fig. 7, in isolated perfused lungs as well. 
The fall in peak intratracheal pressure at constant pump stroke indicates an 
increase in tidal air, and.is rapid at first and thereafter more gradual. In Fig. 10a 


the distensibility of the lungs after 10-60 min ventilation, when a fairly steady 
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Gestation age in days 


Fig. 10, In the upper part (a) of the figure the distensibility of the lungs of foetal lambs (tidal air/ 
peak intratracheal pressure) as estimated 10-60 min after ventilation was begun is plotted 
against gestational age, using either intact lambs (©) or isolated perfused lungs (@). In the 
lower part (b) of the figure the distensibility per kg body weight has been plotted against 


state had been reached, has been plotted against foetal age. The distensibility 
of the lung increased throughout the period of gestation, but the rate of 
increase was greater after about the 110th day. It was pointed out previously 
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be expected with increasing size of lamb, so that the data of Fig. 10a do not 


necessarily prove that the mature lamb is in a more advantageous physiological 
condition than the premature lamb. However, the rate of increase of weight was 
less rapid than the rate of increase of distensibility of the lungs, and in Fig. 10d 
there has been plotted the distensibility of the lungs, divided by the weight of 
each individual lamb, against the gestation age. For lambs with a gestation age 
of 130 days or more the mean distensibility/kg was 0-60 ml./mm Hg per kg, 
whereas for lambs of 110 days or less it was only 0-17 ml./mm Hg per kg. There- 
fore mature lambs will receive at the same inflation pressure nearly four times 


as much tidal air/kg as premature lambs. The distribution of observations in 


Fig. 106 suggests that this change begins at about 110 days, at the same stage 
of development as that at which, as shown in Table 4, ventilation begins 


to cause a large increase in pulmonary vascular conductance and the lambs . 
become viable. 


Closure of the ductus arteriosus and foramen ovale 


In six lambs ranging from 109 to 139 days gestation age (402 A, 438A, 436A, 
423A, 430A and 427A) there was positive evidence that the ductus arteriosus 
began to constrict some minutes after ventilation had begun, and the umbilical 
cord had been tied. The evidence for this with regard to lamb 423 A (119 days) 
is summarized in Fig. 11. The lamb was ventilated with oxygen and the arterial 
oxygen saturation rose from 51 to 89%; after the umbilical cord was tied 
it continued to rise to 99°%%. A murmur and thrill were detected from the 
pulmonary trunk, confirmed by the appearance of very rapid vibrations on the 
pulmonary arterial pulse record, similar to those observed in mature lambs 
under similar circumstances (Dawes, Mott & Widdicombe, 19555). The 
external diameter of the ductus arteriosus, measured with calipers, was reduced 
from 7:5 to less than 5-0mm. A considerable pressure difference also 
developed between the aorta and the pulmonary trunk. There is therefore no 
doubt that the ductus arteriosus is able to close as soon as the lamb has reached 
an age at which it is viable on artificial positive pressure ventilation with 
oxygen. Lambs 428A, 436A and 423A were first ventilated with oxygen. 
Subsequent ventilation with air caused a fall in aortic and pulmonary pressures, 
a large reduction in the pressure difference between these two vessels, and 
disappearance of the very rapid pressure vibrations in the pulmonary trunk 
(Fig. 11). These findings, together with direct observation on the external 
appearance of the ductus arteriosus, showed that it was dilating in spite of a 
fall in the transmural pressure, a dilatation which was associated with a fall in 
arterial oxygen saturation to 41, 25 and 42% respectively. It is therefore 
probable that in these lambs the O, saturation of the arterial blood must be 
moderately high if the ductus arteriosus is to remain closed under these 
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ot experimental conditions. It does not necessarily follow that the change in 
sal arterial QO, saturation of the blood on ventilation is the only factor in, deter- 
as mining whether the ductus arteriosus shall constrict after birth. This problem 
0b will be considered in a subsequent paper. 
of 
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8 Fig. 11. Foetal lamb 423 A; 119 days gestation, pentobarbitone anaesthesia. Records from above 
downwards of pressure in the descending aorta and pulmonary trunk recorded by condenser 

- manometers, of the presence of a thrill or murmur in the pulmonary trunk, of the external 

d diameter of the ductus arteriosus and of the carotid % O, saturation. Ventilation with O, 

10 caused a rise in the arterial O, saturation and constriction of the ductus, which dilated when 

0 the arterial O, saturation fell on ventilation with air. 

d 

h Whether the valve of the foramen ovale closes at once on ventilation of these 

premature lambs is.a point which is more difficult to determine. We have made 

5, no direct measurements of the pressures in the inferior vena cava and left 

d atrium in lambs less than 130 days gestation age. The only indirect evidence is 

k that in lambs 428A (112 days), 436A (118 days) and 423A (119 days) the 

i - arterial oxygen saturation rose to 99-100% on ventilation, which would 

3 hardly be possible if there were much blood passing through the foramen 

< ovale from the vena cava to the left heart. 
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DISCUSSION. 


The criterion of viability adopted in this paper has been the minimal dia tibl 
with independent existence. Under natural conditions the newborn lamb must 
be very much further developed if it is to survive more than a few hours. It 
may be born in an open field exposed to the hazards of an intemperate climate. 
Under such circumstances a thick fleece is some protection, and adequate con- 
trol of body temperature must be essential. We have not investigated the 
development of the latter function. The newborn lamb must also be strong 
enough to stand on its legs within a few hours of birth, to find its mother, and 
to suckle adequately. In farming practice few lambs of the large breeds which 
we have used, born weighing less than 2-5 kg, can survive the first few days 
of life (Parry, personal communication). In dealing with the premature human 
baby these hazards may be partly removed. Adequate temperature control is 
less necessary when the baby is nursed in a- warm environment, and failure to 
suckle is not necessarily fatal providing that the swallowing and cough reflexes 


are properly developed. It then becomes of tnore practical importance to 


inquire what is the ultimate limit to, viability in'‘premature mammals. 

It has long been believed that this depends on the late development of 
pulmonary function, since histological investigations showed that the air- 
passages do not become fully developed until comparatively late in foetal 
development, and clinical experience suggested that non-viable premature 
infants died of asphyxia. Incidentally this view accords well with the 
comparatively late development of the lungs, both phylogenetically and 
embryologically. However, attention has been concentrated mainly on the 


lungs as organs which are capable of being inflated with air; it is of equal 


importance that the pulmonary circulation should be developed to such a 
state that it is capable of supplying to the alveoli the excess CO, produced in 
the body and of removing the O, which has been absorbed. 
According to Fauré-Fremiet & Dragoiu (1923) the lung of the foetal lamb at 
14 weeks (98 days) is about half its full term (147 days) weight. The water 
content declines during gestation from 91% at the 7th week to 86% at the 
end of the 13th week (91 days), when it rises sharply to about 89% ; this rise is 
attributed to the development of spaces within the lung, communicating with 
the amniotic fluid through the bronchial tree. At about the same time (12th- 
14th week) the total nitrogen content rises and the glycogen content falls 
precipitously from 20% down to 2%. Histochemical studies showed that the 
glycogen in the lung was present in the epithelial cells, and therefore the fall 
in glycogen content suggested that there was a considerable change in these 
cells, probably a large reduction in their total mass. Thus at about the 90th 
day of gestation a radical transformation begins in the air passages, a change 
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which has been observed in a limited number of histological sections of lung 
tissue taken from the present series of lambs. 

At 100 days gestation age the distensibility of the air-passages is low and 
there is little or no increase in the pulmonary blood flow on ventilation; the 
lamb cannot survive independently. By 110 days the pulmonary distensibility 
has increased substantially and ventilation causes a considerable increase in 
pulmonary blood flow; independent survival is now possible. It is also 
interesting to observe that human infants are usually just viable at between 
28 and 30 weeks gestation, a period which would correspond in the lamb, if the 
rate of development were strictly proportionate to the average duration of 
gestation (40 weeks in man; 147 days in sheep), to between 103 and 110 days 
gestation. 

The period over which the average lamb or the average human infant 
becomes viable is comparatively short, amounting to a small proportion of the 
total duration of gestation. Thus whereas in lambs less than 103 days old, the 
arterial O, saturation falls to nearly zero on ventilating with oxygen and tying 
the umbilical cord, in lambs of more than 110 days it rises rapidly towards 
100%. The transition is very abrupt. This suggests that the various factors 
concerned in the preparation of the lungs for neonatal life may be cumulative 
in their effects. There are a number of such factors, of which some at least 
must be related directly or indirectly to structural alterations in the lungs: 

(1) An increase in the distensibility of the air passages. 

(2) A change in the properties of the alveolar membrane. No direct measure- 
ments have been made, but it will be observed from Table 2 that in a number 
of newly delivered lambs, inflation with oxygen caused a large rise in arterial 
% O, saturation over that observed on inflation with air. This improvement 
suggests that there may be difficulty in the diffusion of oxygen across some 
parts of the alveolar membrane, due either to a film of moisture retained on its 
surface or to structural deficiencies in the membrane itself. 

(3) A change in the pulmonary blood vessels. The increase in abacnany 
vascular conductance, which is such a crucial feature of the metamorphosis of 
the circulation at birth, is dependent on efficient inflation of the lungs. We have 
at present no means of telling whether the anatomical arrangements which 
permit this change already exist before the lungs become distensible; if not, 
they must develop concurrently. 

(4) Finally, in the lamb which breathes spontaneously the muscles of the 
chest wall must be able to develop a large negative intrathoracic pressure, and 
the central nervous control of breathing must be developed adequately. 

There are other considerations which also affect survival. If venous blood 
were to continue to flow through the foramen ovale into the left atrium after 
birth, as it does in the foetus, the arterial O, saturation would not rise 


80 rapidly on ventilation. The closure of the valve of the foramen ovale is — 
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dependent on two factors, the arrest of placental blood flow and the increase of 
pulmonary blood flow (Dawes, Mott & Widdicombe, 1955c), both of which con- 
tribute to the reversal of the pressure difference across the foramen ovale. The 
development of the pulmonary vasculature to such a point that inflation causes 


a large fall in pulmonary vascular conductance, and hence a large increase in » 
pulmonary blood flow, is therefore a very pertinent consideration in ensuring 


rapid closure of the valve of the foramen ovale at birth in premature animals. 

In mature lambs the ductus arteriosus constricts shortly after birth but does 
not close completely (Dawes, Mott & Widdicombe, 1955a). Its continued 
patency may well be of importance to survival, because even in mature lambs 
the lungs are not fully expanded, and the large quantity of blood which flows 


through the ductus arteriosus under such circumstances enables the arterial — 


O, saturation to attain a higher value than it would if the ductus were fully 
closed (Born, Dawes, Mott & Rennick, 1955). This argument must apply with 
even greater force to premature lambs, in which full expansion of the alveoli 
is so much more difficult. It is therefore interesting to observe that the direc- 
tion of blood flow through the ductus arteriosus reverses soon after ventilation 
of the premature lamb, as shown by the development of the characteristic 
murmur and thrill in the pulmonary trunk, indicating that blood is flowing at 
high velocity from the aorta to the pulmonary arteries. Moreover, in these 
lambs the ductus arteriosus relaxes when the arterial O, saturation falls, so 


that even more systemic blood may pass again through the lungs. This arrange- | 


ment appears well suited to give as good a chance of survival as possible under 
unfavourable circumstances. 

A further factor which must influence the probability of survival in more 
mature lambs is the level of the arterial blood pressure. Since the ductus 
arteriosus is normally open for a time after birth the level of the systemic 
arterial pressure will to some extent determine the rate of blood flow through 
the lungs. The arterial blood pressure rises with gestation age (Fig. 3). This rise 
is concurrent with the development of various vascular reflexes, particularly 
the pressor and cardio-accelerator reflex responses to anoxaf@iia. This reflex 
first appears between the 70th and 80th day of gestation in the lamb, and 
becomes progressively stronger as the foetus grows older (Born, Dawes, Mott & 
Rennick, unpublished). Its importance for survival at birth requires no 
emphasis. 

In a previous paper it was shown that pulmonary blood flow increased on 
ventilating the foetal lungs with air, oxygen or nitrogen, and it was concluded 
that the essential requirement to cause this increase was ventilation with a gas, 
irrespective of the nature of that gas. In the present paper the same increase 
in pulmonary blood flow has been observed in perfused lungs. The lungs were 
not removed from the lamb, but the lamb had been killed by haemorrhage up 
to half an hour previously. The conclusion that the increase in pulmonary 


4 
tl 
] 
U 
4 
ta 
I 
li 
a 
f 
4 | 
9 
‘ | 
4 
t 
4 
t 
fe 


VIABILITY OF PREMATURE LAMBS 211 


vascular conductance is independent of the integrity of the nervous system is 


reinforced by other experiments in which the vagi were cut and a bilateral 
thoracic sympathectomy was performed, or in which the brain and spinal cord 
were destroyed. In these lambs there was also evidence of increased pulmonary 
blood flow as shown by a fall in blood pressure on ventilation and a reversal of 
the direction of blood flow through the ductus arteriosus. It is therefore very 
likely that the increase in the rate of blood flow through the lungs when the 
latter are first expanded is related to the vascular architecture of this organ. 
This would seem to be the simplest and most certain method of ensuring that 
when the lungs are expanded after birth, the rate of blood flow through them 
increases, commensurate with their newly acquired function as an organ of 
gaseous exchange. The observations on premature lambs recorded in the 
present paper emphasize the importance of this transformation. 


SUMMARY 


1, Premature lambs were delivered by caesarian section, and the extreme 
limits of viability were studied by ventilating the lungs with oxygen. Full 
term is approximately 147 days; lambs of less than 105-110 days gestation age 
were unable to oxygenate their blood adequately under these conditions. 

2. Whereas ventilation of the lungs of mature lambs caused a considerable 
fall of arterial blood pressure, due to an increase in pulmonary vascular con- 
ductance, in lambs less than 110 days old the fall was negligible. 

3. The conclusion, that pulmonary blood flow does not increase sufficiently 
to maintain life in very young foetuses, was supported by direct measurement 
of the pulmonary vascular conductance while ventilating perfused lungs. Most 
of the lambs used for these experiments were twins of those whose viability was 
tested otherwise. 

4. The distensibility of the air spaces of the lungs was also measured. There 
was an increase in distensibility with gestation age, out of all proportion with 
the increase in weight, so that at the same inflation pressure the mature lamb 
received nearly four times as much tidal air/kg as the lamb less than 110 days 
old. 

5. The ductus arteriosus was able to constrict, some minutes after ventila- 
tion was begun, when the premature lamb first became viable. 

6. The various physiological factors which determine viability in prematare 
lambs were discussed. : 

We are most grateful to the Nuffield Foundation for a grant towards the expenses of this work, 
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THE TWO ROUTES FOR EXCITATION OF MUSCLE AND 
THEIR SUBSERVIENCE TO THE CEREBELLUM © 


By RAGNAR GRANIT, B. HOLMGREN* anp P. A. MERTON} 
From the Nobel Institute for Neurophysiology, 
Karolinska Institutet, Stockholm 60, Sweden 


(Received 26 April 1955) 


When the motor centres of the brain bring about a movement, descending 
impulses may reach the muscles by either of two routes (Fig. 1). The more 
familiar runs directly, or through relays, to the large « anterior horn cells and 
so to the muscles. In the second, the indirect route, recently investigated by 
Eldred, Granit & Merton (1953), the small nerve or y efferents are excited 
instead. This causes contraction of the intrafusal muscle bundles, in itself 
giving negligible tension measured externally, but sufficing to stretch the 
primary (nuclear bag) sensory endings in the muscle spindles and thus, through 
the stretch reflex arc, to activate the main muscles. Such a roundabout way 
of initiating contraction naturally introduces delay, but it has the advantage 
that during shortening the muscles may still enjoy the self-regulating or servo 
properties of the stretch reflex. | 

The behaviour of a muscle will be quite different in the two modes of 
excitation. A constant rate of discharge over the « route sets up tension which, 
to a first approximation, will be independent of length. The y efferent system, 
however, is believed to operate the stretch reflex servo which (by the mechanism 
just outlined) makes the main muscle follow length changes in the spindle. 
For a constant rate of y discharge the muscle will tend to maintain a fixed 
length independent of tension. 

The circumstances under which use is made of one route or the other, or (as 
seems more likely) various mixtures of the two, are not known, although, for 
example, it is probable that posture would mainly employ the y route, and that 
rapid movements with minimum reaction time go through the « route. If 
there is truth in these suppositions it is clear that some mechanism must exist 
to adjust activity quickly between one route and the other, and to vary the 
proportions of the two routes in use. The experiments to be described suggest 
that such adjustments may be a function of the cerebellum. 


* Guillermo Puelma Foundation Research Fellow of the University of Chile, Santiago. 
+ On leave of absence from the Medical Research Council, London. 
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In all previous work on the y efferents one of the most striking and uniform 
observations has been the apparent linkage between « and y systems in reflex 
activity. As a rule contraction is preceded and accompanied by y discharge 
(Hunt, 1951; Kobayashi, Oshima & Tasaki, 1952; Eldred & Hagbarth, 1954). 
In decerebrate animals, according to Kobayashi e¢ al. and Granit & Kaada 
- (1952), y activity is particularly prominent. Eldred et al. (1953), by disrupting 
the link, showed that in cats decerebrated by intercollicular section the » 

route was indeed predominant. They listened in to single spindle afferents from 


Y route Single spindle 


SA | discharge 


route 


KX Muscle spindle 
/ E.M.G 


Fig. 1. Diagram of the experiments. Muscle tension and electromyogram are recorded, together 
with the response of a sample spindle-ending from a fine dorsal root filament (muscle innerva- 
tion otherwise intact), There are two possible routes, « and y, from the brainstem to the 
muscle (indicated very schematically). The experiments deal with the relative degree of usage 
of the two routes before and after anterior cerebellectomy, etc. 


muscles whose innervation was interfered with only to the extent of taking one 
dorsal rootlet. As passive spindles without y supply always stop discharging 
during muscle contraction owing to their ‘in parallel’ attachment, the 
observation that in reflex contractions there was an actual acceleration, meant 
that y discharge was making the spindles contract ahead of the main muscle. 
The large spindle afferents are known to excite the stretch reflex, so the 
experiment also indicated that y activity was indirectly promoting excitation 
of the « motoneurones. The importance of this factor was brought out by 
cutting the dorsal roots; afterwards, although spindle acceleration was 
observed to occur just as before, there was no muscle contraction. The linkage 
had been broken. 
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Although coactivation of the « and y systems seems to be the common 
pattern of excitation in other types of preparation too (at least in postural 
reflexes), it is clear that the part played by the y system is not always quite as 
decisive as appears in decerebrate cats, for in some circumstances contractions 
do occur when the y route is completely blocked by dorsal root section. It was 
one of Sherrington’s fundamental observations that the state of exaggerated 
posture he called decerebrate rigidity was dissolved by dorsal root section 
(Sherrington, 1898). This is easily understood if rigidity is due to hyper- 
activity in the y system. Pollock & Davis (19306, 1931) found, however, that 
in cats functionally decerebrated by tying off the arterial supply to the brain, 
rigidity remained after deafferentation. Such rigidity must, therefore, be due 
mainly to excitation over the « route, by-passing the y mechanism. The 
essential difference between these two types of decerebrate preparation was 
elucidated by Stella (1944a, b; see also Moruzzi, 1950). Recalling that in the 
indian ink injections of Pollock & Davis, in addition to the cerebrum, the 
anterior part of the cerebellum was also rendered anaemic, he prepared classical 
decerebrate animals with deafferented (and therefore flaccid) forelimbs. 
Rigidity appeared at once when the anterior lobe of the cerebellum was cooled 
or cut off. Cardin (1946) later showed the same effect in the hindlimbs. (See 
also Terzuolo & Terzian, 1953.) Sherrington (1898) himself had observed that 
decerebrate rigidity persisted after cerebellectomy, but the above facts indicate 
that the rigidity before and the rigidity after cerebellectomy really have quite 
different mechanisms, the former largely y driven, but the latter by-passing 
the y route. Thus we were led to investigate the effect of the cerebellum on 
activity in the y system. 

We have done experiments on the same principles as Eldred e¢ al., but after 
various types of interference with the cerebellum. In a successful experiment, 
when the anterior lobe is out of action, the muscle is switched towards the « 
mode of excitation; contraction is no longer accompanied by spindle accelera- 
tion, nor is it abolished by deafferenting. Usually, however, there is evidence 
that the y system is not completely paralysed; some y discharge accompanies 
% contraction, but the emphasis has shifted. A preliminary communication 
of the results was given by Eldred, Granit, Holmgren & Merton (1954). 


METHODS 


The results are based on experiments with twenty-five cats, the technique being that described 
by Eldred et al. (1953), with certain additions. (The essentials are illustrated in Fig. 1.) In ablation 
and cooling experiments, after decerebration by the trephine method, the cerebellum was exposed 
by removal of the tentorium, or occasionally by a posterior approach through the occipital bone. 
Ablations were made with a blunt instrument under brief trichlorethylene anaesthesia. Cooling 
was by the application of a small piece of frozen, Ringer’s solution to the cerebellar surface. Action 
potentials of single spindle afferents were recorded in dorsal root filaments. The customary 
recording of muscle tension was often supplemented by the electromyogram, taken between a 
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silver pin in the muscle belly and the fixation drill through the femoral condyles. Soleus was 
generally the muscle used. 

In several cats decerebrated by the anaemic method of Pollock & Davis (1930 5) the parts of the 
brain deprived of blood were delimited by indian ink injections. Like them we found that anaemic 
decerebration corresponds to a section through the fore part of the cerebellum and pons. Some- 
times, however, small islands of ink were seen in the basal ganglia, suggesting that occlusion had 
not been complete, or that collateral circulation might develop in a long experiment. For this 
reason, in the later experiments, after tying the vessels the skull was opened and an intercollicular 
section made. 


| 200g 


+1 sec 


Fig. 2. Effect of cooling the cerebellum on decerebrate rigidity. Precollicular section; left side of 
tentorium removed; records from le’. soleus muscle. In this and subsequent figures the top 
trace is the response of a single spindle afferent ending; middle trace, muscle tension ; lowest 
trace, electromyogram. A, basal activity. B, frozen Ringer applied to left side of culmen; 

spindle virtually silenced ; rigidity increased (tension trace lifted into and just above spindle 
trace). C, cerebellum rewarmed with Ringer at 38° C. (Spikes retouched.) 


RESULTS 


In the decerebrate animal, as Eldred et al. (1953) described, the spindles are 
biased by y activity and keep up a rapid and irregular discharge. Any increase 
in rigidity is heralded by acceleration to a still higher rate (as previously 
suggested by Hunt’s (1951) results). In the present series of experiments on 
similar preparations, when the anterior lobe of the cerebellum was cooled, 
rigidity might even increase, but it was observed that the former association 
with spindle acceleration had reversed. As tension rose spindle discharge, in- 
stead of accelerating, was arrested. An instance of this is shown in Fig. 2A 
and B. Rewarming the cerebellum restored the original picture (Fig. 2C). 
These experiments illustrate two important phenomena. First, a relative 
paralysis of the y system. Instead of anticipating and supporting « contraction 
the spindle behaves passively, pausing during contraction as it does in isolated 
muscle. (The degree of y bias is also less when the muscle is relaxed, as we have 
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observed in other experiments.) Secondly, heightening of activity in the « 
system. Were y paralysis the only result of cooling the cerebellum, its effect on 
rigidity should be the same as that of cutting the dorsal roots. The fact that 
rigidity, on the contrary, may be intensified can only mean that the proprio- 
ceptive excitation of which the motoneurones are deprived has been replaced, 
or even exceeded, by activity in the « pathway. (See previous work on « 
arousal by Bremer (1922) and Stella (1944<, b)) 


| 400g 


11sec 


Fig. 3. Effect of cooling or ablating the anterior lobe of the cerebellum on the responses in soleus 
to head flexion. A, culmen cooled with frozen Ringer. B, rewarmed to 38° C. C, culmen and 
part of lobulus medius ablated. Spindle response reversed in A and C; tension response 
similar. Intercollicular section; entire tentorium removed. Tension scale applies to all 
records, (Spikes retouched.) 


The present series is too small to allow a valid comparison of the tensions 
exerted in similar reflexes with the muscle in the « and y modes of excitation. 
That there is not necessarily any change is shown in Fig. 3. The reflex con- 
traction of soleus when the animal’s head was bent down differs little in the 
three records, the first during cooling of the anterior lobe, then after warming 
it up to 38° C again, and finally after ablation of the area previously cooled. 
The relative passivity of the spindle when the anterior lobe is out of action is 
clearly demonstrated (records A and C), both by the slowing of discharge 
during contraction and its acceleration as the muscle relaxes. Thus a muscle 
certainly can be switched towards the « mode without change of the tension it 
develops in a reflex. By contrast Fig. 4, from the same experiment, compares 
the effect of twisting the pinna on the discharge of a spindle in soleus. Although 
a reversal in spindle behaviour is again evident, the tension developed is much 
larger with a warm cerebellum. , 

A total of five cooling experiments was done; in three of them results of 
the type just described were obtained, but in two cats no reversal of spindle 


_ behaviour was produced, the only effect being a general depression of reflex 


excitability. In ablation experiments the proportion of failures was even 
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, _ greater. Removal of the culmen in a further two cats gave results similar to 
| those already described (Fig. 3), but in several cats lesions involving the 
culmen, lobulus medius and lobulus centralis did not reverse the spindle 

- response. One cat behaved quite exceptionally. Initially it gave the responses 


+1 sec 
Fig. 4, Responses in soleus to twisting the pinna. A, during cooling of the cerebellum; B, after 
rewarming to 38°C. Same experiment as Fig. 3. Terision scale applies to both records, 
(Spikes retouched.) 


A 


g 


B 


0 


4 1 sec 


Fig. 5. Precollicular decerebration and ablation of culmen and lobulus medius. Records from 
soleus muscle and spindle. A, spontaneous clonus with passive spindle response; B, tonic 


contraction with rapid spindle discharge indicating y bias, but with passive pattern of _ 


response to slow changes in tension; C, muscle flaccid, spindle clonus. (Retouched.) 


to be expected of an ordinary intercollicular decerebration. The entire lobulus — 
medius and culmen were then removed by the posterior approach. On 


recovery from the anaesthetic intense clonic activity developed. We cannot 
account for this clonus, but, whatever its cause, it was clearly driven pre- 
dominantly through the « route. Records from a spindle in soleus (Fig. 5A) 
show a typical passive type of response, pausing during contraction and, 
indeed, reaching its highest frequency at a time, during relaxation, when the 
electromyogram was quite silent. Later the muscle went into a sustained tonic 
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contraction. The frequency of the spindle at this time indicated that a moderate 
y bias still persisted, but the reaction to the slight spontaneous swings in 
tension that occurred was of the passive type (Fig. 5B). After a further clonic 
outburst the muscle became completely flaccid, but now the spindle itself gave 
feeble ‘clonic’ bursts, another indication that y paralysis was not complete 


(Fig. 


4 


2 


Fig. 6. Diagram of the brainstem in an experiment with a precollicular decerebration and with 
_ wide exposure of cerebellum. In this cat sections numbered 1 and 2 did not reverse the 
spindle response, but section 3 did, as shown in Fig. 7. 


~ 1 sec 


Fig. 7. Responses in soleus to twisting the pinna. A, with cerebellum and brainstem intact; 
B, after the sections 1, 2 and 3 depicted in Fig. 6. (Spikes retouched.) 


In three of the cats with cerebellar lesions a section was subsequently made 
extending into the pons. In two of these animals sections, involving the middle 
and posterior parts of the pons, merely depressed reflex activity and soon 
proved fatal. In the third, a section passing obliquely through the anterior 
pons (section 3 in Fig. 6), reversed the spindle response during a pinna reflex 
(Fig. 7) and increased rigidity in the muscle, the resting tension rising some 
300 g. 

With anaemic decerebration (Pollock & Davis, 1930b), the anterior cere- 
bellum is excluded from the start, so it is not possible to compare y behaviour 
with and without an active cerebellum in the one animal. There is no doubt, 
however, that in general the muscle spindles were less biased in anaemic 
preparations than in those decerebrated by inter- or pre-collicular section. 
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(Moderate y bias in a Pollock—Davis cat is illustrated in Eldred et al. (1953), 
figs. 1 and 6.) A typical response to twisting the pinna is shown in Fig. 8, 
contrasted with that obtained in an animal with an intercollicular decerebra- 
tion. The « route to soleus also predominated during neck reflexes; the spindle 


| 


sec 

Fig. 8. Responses in soleus to twisting the pinna, A, anaemic decerebration by the method of 
Pollock & Davis (the spindle response is passive); B, active spindle response in a classical 
intercollicular decerebration. (Spikes retouched.) 


A 


A 
Cc 
41sec 


Fig. 9. Responses in soleus to flexion and extension of the neck, showing their indifference to 
deafferentation in an anaemically decerebrate cat. A and B before deafferentation. A, head 
level initially, and then bent upwards. After an initial slight contraction (to be disregarded) 
the muscle relaxes, as expected. Spindle behaves passively and accelerates. (Interruption of 

~ traces not successfully synchronized with head movement.) B, head level initially, and then 
bent downwards. Muscle contracts; spindle again passive and slows. Deafferentation then 
performed, but with out altering the pattern of response. C, head up, as in A; as before muscle 
relaxes and spindle accelerates. D, head down; responses in muscle and spindle similar to 
those in B, again despite the deafferentation. (Retouched.) 


was passive and reflex contraction or relaxation was not prevented by dorsal 
root section. Fig. 9, in which this is depicted, is strictly comparable with 
fig. 10 of Eldred et al. (1953), which shows the same experiment in an animal 
with an active y system. (In the latter deafferentation completely abolished 
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muscular contractions.) The important observation that reflex movements in 
soleus elicited from the neck and pinna are not significantly altered by deaffer- 
entation of the muscle in anaemically decerebrate cats was confirmed in three 
experiments. 


Like Pollock & Davis, we have sometimes noted an erratic reflex behaviour in their type of 


_ preparation. The Magnus neck reflexes may be completely inverted or, as in Fig. 9, when the head 


is bent upwards contraction may precede the normal relaxation. 


DISCUSSION 


The present experiments taken in conjunction with those of Eldred et al. (1953) 
demonstrate quite clearly that overtly similar reflex contractions and rigidities 
may be produced by either of two essentially different patterns of excitation, 
to be distinguished most directly by their opposite reactions to dorsal root 
section. Contractions dependent on intact dorsal roots are associated with a 
high level of y activity and are thought to be predominantly y-driven; con- 
tractions that persist after root section show a paralysis of the » system and 
are due to primary activity in the « system. 

Although it is necessary to emphasize the distinctions between the two 
modes of excitation they are not mutually exclusive, but may frequently 
be observed in combination. . In relaxed or tonically contracting muscle even 
spindles that behave passively during phasic changes are seldom without some 
y bias (Fig. 5B, C). Similarly, in classical decerebrate preparations with an 
active pattern of spindle response, there is sometimes evidence of concomitant 
a excitation. For example, in Fig. 4B spindle acceleration long precedes 
muscle contraction, and when contraction does occur there is no extra spindle 
acceleration to account for it. Fig. 8B is similar, and in addition shows a slight 


spindle acceleration during relaxation. In these instances, therefore, the con- 


traction is mixed.« and y, | | 

The simplest interpretation of our results would be that the cerebellum 
controlled a neural switch (sketched in Fig. 1) which directed excitation, 
originating elsewhere, into either the « or the y route. But this hypothesis 
would cease to be even a useful representation of our results if it proved that 
in reflex movements the type of movement or its force were greatly different 
after the switch were supposed to be thrown. The implication is that the same 
movement is to be brought about by a different route of excitation, not an 
entirely different movement produced. It is circumstantial evidence in 
support of the hypothesis that when Sherrington (1898) cerebellectomized his 
animals, and Pollock & Davis (19305) infarcted the anterior cerebellum of 
theirs, neither commented that their preparations behaved reflexly in any 
essentially different way from ordinary decerebrate cats. (The fact that their 
animals remained rigid after deafferentation was apparently attributed by 
Pollock & Davis (1930, 1931) to superior general condition, absence of trauma, 
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etc., although this is not directly stated.) In our experience, too, it would be 
difficult to tell purely from the general reflex behaviour whether an animal had 
the use of its cerebellum or not. Neither the pattern of reflexes nor the reflex 
excitability are consistently different, although it remains true that Pollock- 
Davis cats are often more rigid, more excitable and more erratic in their 
responses than the classical decerebrate animal. 

The above description and contrasting of the « and y routes are quite inde- 
pendent of the particular manipulations to the brain of the animal used to 
demonstrate them, and the exact site and extent of the lesions necessary are 
less well established. In Pollock—Davis cats y paralysis and indifference to 
deafferentation are regularly observed. Following Stella (19445), Cardin (1946) 
and Terzuolo & Terzian (1953), we have attempted to show that the cause of 
this lies in the cerebellum. While it seems clear that elimination of parts of 
the cerebellum may exchange the leading role in muscular excitation from the 
y to the « route, the failure to reverse the type of spindle response in many 
ablation, and in some cooling, experiments cannot yet be explained. Neither 
the level of the original decerebration nor the site and depth of cerebellar 


ablation were standardized, although the importance of the depth is now © 


realized from the recent discovery by Sprague & Chambers (1953) that destruc- 
tion of the cerebellar cortex or of the underlying nuclei has opposite effects 
on rigidity. It is also true that, even when the spindle response did not become 
passive, in many instances it seemed less active after an unsuccessful ablation 
and certainly never more active. Thus failure of a spindle to reverse the pattern 
of its responses may well be a matter of degree or of technique. We, therefore, 
feel justified in emphasizing the positive experiments demonstrating that the 


normal link synchronizing « and y reflexes is broken by anterior cerebellectomy 


or local cooling. 
The fact that when the « mode of excitation predominates the + efferents are 


passive may explain the interesting observation of Sprague & Chambers (1953) | 


that such preparations are not plastic, for Eldred et al. (1953) showed that an 
important component in the lengthening reaction was the inhibition of y bias 
described by Hunt (1951), which cannot occur if there is no bias to begin with. 


Plasticity may thus be an exclusive property of the y mode of excitation. (In 


agreement with Sprague & Chambers, Pollock & Davis (1929) had shown that 
their preparations had no reflex lengthening reaction; their interpretation, 
however, was discordant.) 

There are two obvious applications of these ideas to clinical neurology. First, 
of the two commonest types of hypertonia, the spasticity of hemiplegia and 
the rigidity of paralysis agitans, the former is plastic (in the Sherringtonian 
rather than the clinical sense) and the latter is not. It would be dangerous, 
however, to conclude that they employ respectively the y and the « routes, 
for Pollock & Davis (1930a) and Gordon Holmes (1946) state that both are 
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) abolished by dorsal root section. Secondly, the spindle paralysis produced by 


cerebellar ablations puts out of action the muscle’s length servo, or, in other 
words, it deprives the muscle of the services of its private length measuring 
instruments. The symptom of dysmetria in human cerebellar disease may be a 
manifestation of a similar spindle paralysis, a suggestion we base on the 
evidence, reviewed in the introduction, that in many reflexes the « and y 
systems normally work in close co-operation. Central evaluation of the spindle 


messages comes to presuppose y-« linkage. 


SUMMARY 


1. Previous work showed that reflex contractions of the hindlimb extensors 
in classical decerebrate cats are largely dependent on an intense inflow of 
excitatory impulses from muscle spindles, in its turn set up by activity of the y 
efferents to the intrafusal muscle bundles. 

2. This paper shows that when the anterior part of the cerebellum is 
eliminated, paralysis of this y mechanism results. Under static conditions y 
bias is diminished and in phasic contractions spindle responses are passive in 
character (i.e. in reverse phase to the « efferent discharge). Rigidity and reflex 
contractions are no longer abolished by dorsal root section. 

3. If cerebellectomy only caused y paralysis it should be equivalent to 
deafferentation. As, however, the muscles are not paralysed but remain 
perfectly accessible reflexly, it follows that more excitation must be directed 
on to the « motoneurones. | 

4. Hence arises the idea of two routes of excitation, « and y, equally able to 
undertake reflex movements, the proportions of the two in use at any time 
being in some way dependent on the cerebellum. 


This work has been supported by the Swedish Medical Research Council. 
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THE SPECTRAL SENSITIVITY OF THE PURE-CONE RETINA 
OF THE SOUSLIK (CITELLUS CITELLUS) 


By G. B. ARDEN anp KATHARINE TANSLEY 
From the Institute of Ophthalmology, London 


(Received 29 April 1955) 


In an earlier paper (Arden & Tansley, 1955) we described the spectral sensi- 
tivity curve of the apparently pure-cone retina of the grey squirrel obtained 
by means of the electroretinogram. This curve was unlike those hitherto 
reported for any whole eye, whether rod, cone or mixed, in that it was narrow 
and had a maximum at about 525 my. In view of this unexpected finding we 
thought it would be of interest to examine another member of the family 
Sciurus, the European ground squirrel or souslik, Citellus citellus. This animal 
is also diurnal and has a retina which, on histological grounds, is generally 
agreed to contain nothing but cones. Some preliminary observations on its 
electroretinogram have recently been published by Bornschein (1954). 


METHODS 


The general arrangement of the experiments was similar to that already described. All the results 
reported here were obtained on two animals under light Nembutal (sodium pentobarbitone) 
anaesthesia. Two more animals were killed, one for histological examination of the retinae, while 
a lens from the other was handed over to Dr R. A. Weale who measured its spectral absorption for 
us, 

All the electroretinograms were recorded with the Karpe machine, and a specially made corneal 
contact glass incorporating the active electrode. As before the indifferent electrode was a cotton- 
wool pad soaked in 0-9% NaCl solution (saline) applied to a shaved area on the forehead by means 
of electrode jelly and held in position with a rubber band. The duration of the stimulus flashes was 
1 sec and the same coloured and neutral tint filters were used as before. These were all recalibrated 
and their transmissions were found not to have changed. The conditions for the ‘light-adapted’ and 
‘dark-adapted’ experiments were those already described. 


RESULTS 


The structure of the retina. Two photomicrographs of the souslik retina are 
shown in Pl. 1 (p. 232), One (fig. 1) gives a general low-power view of the whole 
thickness of the retina, while the other (fig. 2) shows more detail of the visual 


cells at a higher magnification. The general structure of the retina is very like 
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that of the squirrel, with almost as many ganglion cells as there are visual cell | 


nuclei. The proportion seems to be about two to one over most of the retina, 
but more nearly one to one around the optic nerve. Vilter (1954) gives a figure 
of 200,000 cone nuclei to 90,000 ganglion cells for the whole retina. The optic 
nerve is, again, very big for a rodent and the nerve head is even more elongated 
than in the squirrel. 

The main difference between the squirrel and souslik retinae is in the visual 
cell layer. Both animals possess two types of cone, an inner and an outer, but 
whereas there are about equal numbers of each in the squirrel, the souslik has 
very few inner cones. These inner cones have long striated outer limbs visible 
between the inner limbs of the outer cones. The outer limbs of the outer cones, 
are shorter and are buried in the pigment of the pigment epithelium. They are 
only visible in sections where the retina has come away from the pigment 
epithelium. The outer cones appear to have an ellipsoid between the two limbs; 
they also have long myoids which can sometimes be seen making contact with 
the outermost nuclei of the outer nuclear layer. As in the squirrel the pigment 
of the pigment epithelium lies in long processes outside the epithelial cells, 
between them and the cones. 

The electroretinogram. The normal light-adapted souslik electroretinogram is 
shown in Text-fig. 1. It las a very marked a-wave followed by a b-wave and 
an off-effect. There is no c-wave. The record is essentially the same as that 
from the squirrel, but the a-wave and off-effect are relatively bigger. There is 
no change in shape nor in the relative sizes of the waves when either the state 
of adaptation or the colour of the stimulus light is altered. 

 Text-fig. 2 shows the relationship between stimulus intensity and the size 
of the response for two filters, the green (521 my) and the yellow (578 my), 
both for the b-wave and for the off-effect. In all cases the b-wave height was 
measured from the trough of the a-wave. The values for the yellow filter were 
corrected by a figure representing its stimulating power in comparison with that 
of the green filter. The yellow light was always a less effective stimulus than 
the green, the difference being about equivalent to a neutral filter of 0-3. In 
the experiment illustrated in Text-fig. 2 we never got large responses to the 
yellow stimulus and some of those to the low intensities were too small to be 
measurable, especially in the case of the off-effect. This is the reason for the 
small number of points on this stimulus-response curve. However, after the 
correction was applied the agreement between the yellow and green points 
is fairly good. The stimulus-reponse curves for white were also very similar and, 
since we had already found the responses to different wavelengths to resemble 
one another in the closely related grey squirrel, we felt justified in treating all 
the results together in the way described-below. However, we later discovered 
that this assumption is probably not always correct for blue stimuli. We shall 
return to this point in the discussion. 
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A sensitivity curve was plotted separately for each experiment on the basis 


of the results given in Text-fig. 3. In this a stimulus-response curve to white 


light is given for the b-wave (upper left) and the off-effect (lower left) while the 


Text-fig. 1. The souslik electroretinogram. Note the marked a-wave, pointed b-wave and large 
off-effect. Stimulus duration: 1 sec, Calibration: 5004V. Taken with Karpe’s machine and a 


contact glass electrode. 
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Text-fig. 2. Intensity-response curves. Left: the curve for the off-effect. Right: the curve 


corresponding responses to each wavelength are shown on the right. From 
these curves we reduced all the responses to a common arbitrary level, the 
height of the response to white light with a neutral density filter of 1-0. Using 
the filter calibrations and the correction for the deep yellow souslik lens taken 


Density of neutral filter 


for the b-wave. @, green (521 my); O, yellow (578 my). 
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from Text-fig. 4 we calculated the intensity necessary to produce a constant | 


response at each wavelength. 

For the ‘light-adapted’ experiments there was a constant illumination of 
about 30 e.f.c. at the eye and the various stimuli were superimposed upon this. 
The ‘dark-adapted’ experiments were done in the darkened room after about 
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Density of neutral filter Wavelength (my) 


Text-fig. 3. Derivation of the sensitivity curves. Left: intensity-response curves for white light 
for the b-wave (above) and the off-effect (below). Right: mean size of response at each wave- 
length from the same experiment. 


10 min initial dark adaptation. In each case a series of records was taken 
using white light of different intensities followed by a series with the coloured 
lights. Each coloured run was made from short to long wavelength and back 
again and was followed by another white run. Often several white and 
coloured runs were made interspersed with one another. In this way we could 
detect any instability in the preparation. If there were the least indication of a 
consistent change, such as a steady drop in the response compared with earlier 
records, all the affected results were discarded. 
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Text-fig. 5 shows the average of the b-wave and off-effects for four light- 
adapted and two dark-adapted experiments expressed as a percentage of the 
maximum. The points in Text-fig. 6 are the average results for all the b-waves 
and all the off-effects irrespective of the adaptation state. It will be seen that 
there was no Purkinje shift and that the maximum lies between 520 and 


530 mp. Although the position of the maximum and the long-wave part of the 


curve are similar to those already published for the grey squirrel, the whole 


_ curve is not a narrow one because of the high values for the shorter wavelengths. 
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Text-fig. 4, Spectral absorption of the souslik lens. These results were obtained 
' for us by Dr R. A. Weale. : 


DISCUSSION 


The squirrel and souslik are both Sciuridae and are both unusual among mam- 
mals in having diurnal habits. In addition, the structure of their retinae is very 
similar, both being almost certainly pure-cone. It is not, therefore, surprising 
that they should have electroretinograms which are so much alike and of the 
type usually associated with cone activity. Bornschein (1954) has already 
shown that the souslik, like the squirrel, has a high light-threshold and is 
capable of very little adaptation to darkness. We have fully confirmed these 
observations in our own experiments. Further, we have found no more evidence 
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Text-fig. 5. Spectral sensitivity of the souslik. The points were obtained from four light-adapted 
and two dark-adapted experiments and are given as percentages of the mean maximum. 
@, light-adapted b-wave; @, light-adapted off-effect, +, dark-adapted seta O, dark- 
adapted off-effect. Equal quantum intensity spectrum. 
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Text-fig. 6. Mean spectral sensitivities for the b-wave and off-effect. The points are given as 
percentages of the mean maximum. The vertical lines represent twice the standard error. 
@, b-wave; O, off-effect. Equal quantum intensity spectrum. 


Sensitivity (arbitrary units) 


nme 


> 
~ 
0 
a 
e 
fi 
ig 
4 
“J 
a 
“4 
f 
¥ 
\ 
r. 


Sensitivity (arbitrary units) 


SOUSLIK ELECTRORETINOGRAM | 231 


of a Purkinje shift in the souslik than we did in the squirrel and a maximum 
spectral sensitivity in the same wavelength range for both. | 
There is, however, one marked difference between the spectral sensitivities 
of the two species. The mean souslik curve is much broader on the short-wave 
side of the maximum. The scatter of the points (and therefore the standard 
errors) is also much greater in this region. When plotting the sensitivity curves 
for individual experiments we found that these fell into two distinct groups of 
which typical examples are shown in Text-fig. 7. In some experiments the 
sensitivity curve was a narrow one, but in others the values for 470 and 492 mu 
were unexpectedly high. Text-fig. 7B shows an extreme example. 
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440 460 480 500 520 540 560 580 600 620 . 460 480 500 520 540 560 580 600 620 
Wavelength (my) 
Text-fig. 7. Individual sensitivity curves. A: sensitivity curve of dark-adapted off-effect. Mean 
. of five runs on souslik 1 (1. xii. 54). B: sensitivity curve of light-adapted b-wave. Mean of 
two runs on souslik 1 (16. viii. 54). 


The recording of high values at the shorter wavelengths was erratic, although 
they tended to appear more often in the b-wave than in the off-effect records. 
This tendency is reflected in the relatively higher values for the b-waves in 
Text-figs. 5 and 6. 

These findings suggest that, in addition to a retinal mechanism with a 
maximal sensitivity between 520 and 530 my, there is another with its maxi- 
mum at a shorter wavelength (perhaps near 470 mu) which may or may not 
make its effect apparent. If such a second mechanism really exists in this 
pure-cone retina we are, at present, entirely unable to explain why it should 
sometimes manifest itself and sometimes not, nor why it should appear to be 
more closely associated with the b-wave than with the off-effect. This varia- 
bility of response to blue light with its suggestion of a second mechanism 
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sometimes, but not always, manifesting itself, makes it unlikely that we were 
justified in assuming similar stimulus-response curves +to all wavelengths in 
all experiments. For this reason we have not drawn a sensitivity curve through 
the points in Text-fig. 6. Obviously a great deal more work needs to be done 
on the reactions of the souslik retina to short wavelengths before all the prob- 
lems of its spectral sensitivity are solved. 


SUMMARY 


1. The structure of the souslik retina is described briefly. It ippeats to be 
a pure-cone retina and in many ways resembles that of the grey squirrel. 

2. Electroretinograms were taken from the souslik eye in both light and 
dark adaptation. The record is typical of a pure-cone retina and its shape is 


not affected by the state of adaptation nor by the wavelength of the stimulus. 


3. Spectral sensitivity curves, both for the b-wave and for the off-effect, 
were calculated, using the amount of light’ required to produce a constant 
response as the criterion of sensitivity. 

4. The sensitivity curve had its maximum between 520 and 530 my. There 
was no Purkinje-shift. . 
5. The sensitivity curve was similar to that of the squirrel in so far as the 
position of its maximum and its shape between 520 and 612 my were con- 
cerned. Between 520 and 470 mp the mean sensitivity was higher than in the - 

squirrel. 

6. The possibility that a ‘blue mechanism’ may sometimes be active in the 
souslik retina is considered, 
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EXPLANATION OF PLATE 
The souslik retina 


Vig. 1. Section through whole retina: note the wide inner nuclear and optic nerve fibre layers and 
the nearly equal numbers of visual cell nuclei and ganglion cells. Intravital fixation with 
Flemming’s fixative; azan stain. x378. 

Fig. 2. High-power view through the outer retina showing the cones and their nuclei. Intra-vital 
fixation with Flemming’s fixative; azan stain. x 700. | 

Key: 1, pigment epithelium; 2, cones; 3, outer nuclear layer; 4, outer fibre layer; 5, inner 
nuclear layer; 6, inner fibre layer; 7, ganglion cell layer; 8, optic nerve fibre layer. 
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IMPORTANCE OF VAGAL INNERVATION IN 
THE REGULATORY EFFECT OF ACID 
IN THE DUODENUM ON GASTRIC 
SECRETION OF ACID 


By CHARLES F. CODE anp GEOFFREY WATKINSON* 


From the Section of Physiology, Mayo Clinic and Mayo Foundation, 
Rochester, Minnesota 


(Received 29 April 1955) 


Sokolov (quoted by Babkin, 1928), working in Pavlov’s laboratory in 1904, 
demonstrated that the introduction of dilute hydrochloric acid into a duodenal 
fistula of a dog produced great inhibition of gastric secretion from a vagally 
innervated pouch. Conflicting results have been obtained by those who have 
worked subsequently on this problem, significant inhibition being obtained 


in canine and human studies by some observers (Day & Webster, 1935; *—_ 


Griffiths, 1936; Wilhelmj, McCarthy & Hill, 1937; Shay, Gershon-Cohen & 
Fels, 1942), whereas others have been unable to confirm the effect (Stevens, 
Segal & Scott, 1939; Woodward, Lyon, Landor & Dragstedt, 1954). A valuable 
contribution was that of Pincus and his co-workers (Pincus, Thomas & Reh- 
fuss, 1942; Pincus, Friedman, Thomas & Rehfuss, 1944), who demonstrated 
that a critical intraduodenal pH was necessary to elicit inhibition, and con- 
cluded that this finding was the likely explanation for the conflicting results. 
However, the mechanism of the inhibition and the types of secretion consis- 
tently inhibited by acid have remained in doubt. In particular, no record has 
been found of definitive studies on the precise role of the vagus nerves in the 
inhibition of gastric secretion. produced by acid in the duodenum. 

This study was undertaken to compare the effects of acid in the duodenum 
on the secretory response of vagally innervated and vagally denervated canine 
gastric pouches to meals of meat and alcohol and to the parenteral administra- 
tion of histamine, insulin and B-methylcholine chloride urethane (bethanechol 
chloride, Urecholine). The findings have demonstrated clearly the importance 


* Rockefeller Foundation Fellow in Physiology. Present address: Department of Medicine, 
Uni versity of Leeds, England. 
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of vagal innervation in the inhibition caused by acid in the duodenum; as a by- 
product of the study, the stimulant effect of acid alone in the duodenum has 


been confirmed (Ivy & MclIlvain, 1923; Sircus, 1953). 


METHODS 


All the dogs used were in excellent health throughout the study. Their appetites were well 

maintained and their body weights, which were determined before each test, did not change 
significantly. The animals were kept under identical living conditions and received similar diets, 
All operative procedures were performed with the animals under ether anaesthesia. The customary 
antiseptic precautions were used, Tests of secretion were not made for at least 3 weeks after 
operation. 
_ Observations were made on seven dogs with vagally innervated mucosal septal pouches of the 
Hollander—Jemerin type (Hollander & Jemerin, 1938; Gregory, Hallenbeck & Code, 1942) and 
twelve dogs with vagally denervated separated pouches of the Heidenhain type. All the pouches 
were drained by cannulas of a cobalt-chromium alloy (Vitallium). Absence of vagal innervation 
to the separated pouches was confirmed by a negative response to the oe test (Jemerin, 
Hollander & Weinstein, 1943). 

In an attempt to produce a duodenal fistula with minimal disturbance of physiologic function, 
a small polyvinyl plastic tube (size 14 or 16) was introduced through a small longitudinal incision 
into the first part of the duodenum and anchored there by two interrupted stitches that passed 
through a cuff of plastic material cemented to the tube. The duodenum was then closed around 
the tubing by a purse-string suture. To prevent damage by the dog to the soft plastic tubing after 
it came through the skin, the tubing was attached to a flanged stainless-steel cannula (Fig. 1), 
which was brought through the midline of the abdominal wall and sutured to its peritoneal surface, 
The tubing and cannula were filled with mineral oil and closed by a screw cap; they remained patent 
for as long as 9 months in some instances, enabling both the introduction of saline or acid into the 
duodenum and the sampling of duodenal contents. Failures occurred when the tubing became 
blocked or became brittle and broke, usually at its junction with the cannula, with resultant 


leakage of duodenal contents. If the latter complication was promptly recognized emergency 


replacement or reconnexion of the tube was usually successful. 

Each test was commenced 20-24 hr after the previous meal and only when no free acid was pre- 
sent in the juice collected under basal conditions during the half hour just before the test. Juice 
was collected routinely every half hour throughout each test. At least a day was allowed between 
tests and each test was repeated two or more times on each dog. 

The volume of each sample of juice was measured and the concentration of free acid determined 
by titration with 0-1 n-sodium hydroxide, using Tépfer’s reagent (dimethylamino-azob ) as 
an indicator. The output of each pouch was calculated from these values as milliequivalents of acid 
secreted per hour, 

The maximal secretory capacity of each pouch in response to stimulation by histamine was 
determined according to techniques previously described (Code, Blackburn, Livermore & Ratke, 
1949), except that the histamine was administered by continuous intravenous infusion rather 
than by repeated subcutaneous injection. These measurements provided a means of standardizing 
the performance of the different pouches so that the effects of acid in the duodenum on their secre- 
tory responses could be conveniently compared. 

As already mentioned, gastric secretion was stimulated by the ingestion of meat or alcohol and 
by the injection of histamine, Urecholine (Merck) or insulin. Partially cooked lean horse meat was 
given either as a single meal of 170 g or in repeated 15 g feedings administered every 15 min for 
1 hr and every 30 min thereafter. Juice was collected for 4 hr after the single meal and for 7 br 
while the multiple feedings were given. The alcohol test meal, consisting of 15 ml. of 7% ethanol/ 
kg of body weight, was administered by gastric tube and collection of juice was continued for 
3 hr thereafter. Histamine was injected continuously for 7 hr in doses calculated to produce 
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various steady rates of secretion. Urecholine was given subcutaneously in doses of 0-2 mg every 
15 min for 2 hr, collection of juice being made during this period and then for an additional hr. 
Insulin was“injected intravenously in a dose of 2 U/kg of body weight, after which gastric juice 
was collected for 4 hr. Venous blood was withdrawn just before the insulin was injected, and at 
periods of a half hour thereafter; the concentration of sugar in the blood samples was determined by 
a modification of the method of Folin & Wu (1920). 


fucosal septal 


Fig. 1. Specimen showing the Vitallium gastric cannula used to drain the mucosal septal pouch 
and the plastic tubing used for duodenal infusion. Stainless-steel cannulae were used to close 
the plastic tubing and bring it through the abdominal wall. 


Continuous intraduodenal infusion of acid as used initially proved nauseating and emetic to 
some dogs, Intermittent administration of acid was soon found to be better tolerated by the 
animals. In addition, the intermittency was found to produce temp duction in the pH of the 
duodenal contents similar to that occurring during the excessive ina of acid by the stomach 
under maximal stimulation by histamine. Accordingly, 0-1 N-hydrochloric acid was administered 
through the duodenal tube for alternate 5 min periods. Duodenal contents were aspirated at the 
end of each 5 min period and their pH was determined by use of a sealed glass electrode. The rate 
of infusion of acid was varied to reduce the intraduodenal pH to less than 2-5; buffering of the acid 
used for infusion, the pH of which was 1-6, by alkaline secretions and food was most pronounced 
in the first half hour of infusion, when the largest amounts of acid were required. A constant 
level of pH was more easily maintained later. Volumes of 200-300 ml. of acid per hour were usually 
required, The acid was instilled into the duodenum during periods of 2 hr when gastric secretion 
had reached a constant plateau in response to repeated feedings of meat or in response to the 
continuous a of histamine, and, in the other tests, sional the secretory response to a single 
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stimulus was maximal. In the latter instances, acid was instilled for 2 hr immediately after the 
ingestion of a single meal of meat or after the injection of insulin, for a single hour immediately 
after the alcohol test meal was administered and during the second hour of the repeated injection 
of Urecholine. 

When positive effects accompanied the infusion of acid in the tests utilizing meat and histamine, 
it was necessary to make parallel control observations in which 0-1 N-sodium chloride solution 
(saline) was administered intraduodenally in an identical fashion and in similar quantities. As a 
further check on the results, it was found necessary to give 0-1 n-solution of saline or acid in the 
same intermittent fashion through the duodenal tube for the first 2 hr of a 4 hr period of observa- 
tion in the absence of any other stimulus. 

Analytic methods. The method of analysis of the results of most of the tests was similar to that 
used by Forrest & Code (1954); to standardize the data with regard to pouches of different sizes, 
the output of acid from each pouch during each test was expressed as a percentage of that pouch’s 
maximal output as determined by stimulation with histamine. Tests of normality showed that 
these percentage values did not always follow a nurmal distribution, whereas the logarithms of 
these values always did. For this reason, the logarithms were used in the statistical analysis 
(Gaddum, 1945). Except when multiple feeding or the continuous injection of histamine was 
used as the stimulus, the mean outputs of acid during each hour of each test were determined for 
each pouch and those obtained when no acid was given were compared with those obtained when 
acid was placed in the duodenum. The variance of each series of observations was obtained by 
adding the sums of the squared deviations from the log mean for each dog with and without 
administration of acid and dividing this by the total degrees of freedom, which in this instance was 
the total number of tests in the series minus the number of dogs used with or without acid. In this 
way it was possible to use all the data a lated. The standard error of the difference was derived 
from this pooled variance and the probable significance of this difference between tests made with 
and without acid was estimated by Student’s ‘t’ test (Fisher, 1930). As a check on the method, 
some parallel tests of data yielding borderline significance were made by the more orthodox analy- 
sis of variance; similar levels of significance were obtained. Unless otherwise stated, all values in 
the text represent mean hourly outputs of the pouches expressed as percentages of their maximal 
outputs during stimulation by histamine, differences being derived by subtraction of the test value 
from the control value. For convenience in presentation, the values have been abbreviated, al- 
though in the calculations at least three decimal places were included. 

When 15 g feedings of meat were given to the dogs every 15 min it was hoped that a constant 
plateau of secretion would be attained on which the effects of the instillation of acid or saline 
could be superimposed. The influence of these agents then might be assessed in the conventional 
manner by comparison of the output during the initial control hours with that occurring after the 
instillation had been started. Before such an analysis could be made it was necessary to determine 
whether or not a constant level of secretion was attained by the giving of multiple feedings alone. 
Accordingly, sixteen tests were made on seven dogs with vagally innervated pouches and fifteen 
tests on five dogs with vagally denervated pouches. The mean output of the second and third 
‘control’ hours was then compared with the output of each subsequent hour (Tables 1 and 2). 
Although the mean output of the vagally innervated pouches declined somewhat during the later 
hours of the tests, as will be seen later in Fig. 4, the changes were not significant (Table 1), so 
that the effects of infusion of saline or acid could be determined reasonably by comparison of the 
control with the subsequent hourly output (Table 1). With the vagally denervated pouches, 
however, the hourly outputs increased throughout the test, so that a satisfactory plateau was not 
attained (Fig. 4 and Table 2), Thus, for assessment of the results with these pouches, it was 
necessary to resort to direct comparison of the mean output of each of the hours of the control 
tests when feedings alone were given with the output of the corresponding hour of the tests in 
which infusion was administered (Table 3). Since there was an apparent, although statistically 
insignificant, decline in the output of vagally innervated pouches under control conditions using 
feedings alone (Fig. 4 and Table 1), the results obtained by the conventional analysis also were 
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al 1. Comparison of effects of intraduodenal infusion of saline and acid on output of acid from vagally 
innervated canine gastric pouches during multiple feedings of meat _ 


| * Control period for each series. 
| + In this and subsequent tables, values after + are s.x.’s of means. 


| Food alone Food +saline in 4th and 5th hr Food +acid in 4th and 5th hr 
| Mean Value Mean Value Mean Value 
differ- of P for differ- of P for differ- of P for 
Ho after ence log. of ence _ log. of ence log. of 
}itest jj. Meanoutput from mean Mean output from mean Mean output from mean 
tarted of maxi- control % of maxi- control differ. % of maxi- control differ- 
mum i mum period ence mum period ence 
(1064115 -~6 03 117+10-7 +7 046 4247-6 -70 <0-001 
| 106+ 12-7 -~6 O4 133+11-8 +23 0045 3444-9 ~78 <0-001 
| 6 95+10-1 -17 009 1384146 +28 0-055 89+11-4 ~ 23 <0-001 
9348-5 -19 03 116+15-4 +6. 0-9 127+13-8 +15 0-2 


bes 2, Comparison of effects of intraduodenal infusion of saline and acid on output of acid from vagally 
denervated canine gastric pouches during multiple feedings of meat 


* Control period for each series. 


Food alone Food +saline in 4th and 5th hr Food +acid in 4th and 5th hr 
Mean Value Mean Value Mean 
differ- of P for differ- of P for differ- 
ence log. of ence _log. of ence 
ime after Mean output from mean Mean output from mean Mean output from 
test % of maxi- control differ- %ofmaxi- control differ- % of maxi- control 
started mum period ence mum period ence mum period 
and 3* 11416 9+2-1 10+0-9 
4 1842-4 + 7 0-09 2443-0 +15 0-035 2040-74 +10 
5 21421 +10 <0001 4143-0 +32 0002 264158 +16 
6 224+2°0 +11 <0001 3743-6 +28 0003 304155 +20 
21435 +10 <0001 29432 +20 0:0385 30413 +20 


TaBLE 3. Comparison of mean differences between output of acid in dogs when multiple feedings were 
given alone and when they were given with intraduodenal infusion of saline or acid 


Mean difference in output of acid from that obtained with feeding alone 


difference 


! * Mean difference between values obtained with food alone and those obtained with food and saline or food and 


‘Control Infusion period Post-infusion period 
| A- a 
f 2nd and 3rd hr 4th hr bth hr 6th hr 7th hr 
Food + Food + Food + eae Food + Food + Food + Food + Food + ae 
saline acid saline acid saline acid saline acid saline acid 
Vagally innervated pouches 
differen ce* -23 -02 +48 -70 . +21 +25 436 +15 
Mue of P for log.of O83 O83 0018 0018 <0001 0-043 0-9 0-18 0:37 
nean difference 
Vagally denervated pouches 
an differen ce* -15 +54 +19 +15 +70 +69 +88 
MueofPforlog.of 05 0-7 0-08 02 <0-001 03 <0-001 <0-001 06 0-047 
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~ checked by the hour-to-hour type of comparison (Table 3). In both types of analysis, all hourly 


Continuous histamine infusion 


Fig. 2. Constancy of output of acid at slow, 


innervated and vagally denervated gastric pouches stimulated by continuous intravenous 
infusion of histamine. 
_ acid in each subsequent hour revealed insignificant changes at all hours in both types of pouch at 


When histamine was given by continuous injection, the conventional type of analysis again 
Single large feedings. Twenty-five tests were performed on seven dogs with 
vagally innervated pouches when the meal alone was given and sixteen tests 


was considered. While it had been demonstrated previously that a constant level of secretion is 


wnwyxew jo aBequacsed se 3nd3no 


obtained from Heidenhain pouches in response to the repeated or continuous injection of histamine 


(Gray, Bradley & Ivy, 1937; Obrink, 1948: Code et al. 1949), similar experiences with vagally 
innervated pouches and, incidentally, on thirty occasions to a group of twelve dogs with separated 
pouches (Fig. 2). The output of acid in both types of pouch tended to decrease in the last 3 hr of 

all rates of secretion. Therefore, comparison of the output during each hour of the control tests 


with that of each hour of the tests when infusion was given was unnecessary in this instance and 
the output in the control period was compared directly with that occurring after infusion had 


started. It was therefore possible to compute the effect on secretion in this instance as a percen- 
were done on six of these seven dogs when, in addition, acid was infused intra- 


tage change from the control period without first expressing the output as a percentage of the 
maximum; this will be noted later in Fig. 6. 

duodenally. The administration of acid caused a decisive inhibition in the out- 
put of acid from all of the vagally innervated pouches (Fig. 3). The mean 


statistical comparison of the mean hourly output of the second and third hours with the output of 


for 7 hr by constant intravenous injection on twelve occasions to a series of four dogs with vagally 
the test, and this change was most pronounced at rapid rates of secretion (Fig. 2). However, 


outputs of each pouch were expressed as a percentage of the maximal output of that pouch in 
innervated pouches were not available. Therefore, histamine in varying concentration was given 


response to the administration of histamine. 
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output of the first hour, expressed as a percentage of the maximum, was re- 
duced from 71 (+7:8) to 10% (+2) and during the second hour from 106 
(+8:3) to 31% (+81). The mean differences represent highly significant 
reductions in secretion (P<0-001 in each instance). Insignificant inhibition 
occurred in the third hour (—9-5; P=0-3), while in the fourth hour the output 
was decisively increased from 75° of maximum (+ 5-9) in the control tests to 
124% (+10-3) when acid was given (P <0-001). 


Vagally innervated pouches Vagally denervated pouches 

1 = tests 
120 = 
2 
100 
: 
2 
4 

0 
Intraduodenal 


1 infusion of 
70 g cooked horse meat pgignneely 


Fig. 3. Effect of intraduodenal infusion of acid on post-prandial secretion of vagally innervated 

and vagally denervated gastric pouches. Arrows indicate time of feeding a single meal of 

170.g of cooked horse meat, The stippled zone delineates the period during which acid (0-1 
N-HCl) was infused into the duodenum for alternate periods of 5 min. 


In contrast, when vagally denervated pouches were used the presence of acid 
in the duodenum had little or no effect on the secretory pattern (Fig. 3). Four 
dogs were studied, meat being given alone to them on thirteen occasions and 
meat, with acid intraduodenally, on ten occasions. In the first hour of the test 
the mean output of acid, expressed as a percentage of maximum, was reduced 
from 5-6 (+1-7) to 3-1 (41-3), representing a barely significant reduction of 
2:5 (P=0-031). In the remaining hours, although the mean values (+1-1, 
+10-9 and +10-6, respectively) indicated that some augmentation of secretion 
might have occurred, the changes were insignificant on statistical analysis 
(P>0-:3 in each instance). 
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Multiple small feedings. When the vagally innervated pouches were 
lated by repeated small feedings of meat, a highly significant inhibition of 


240 


u- 


secretion occurred during the period of infusion of acid and in the succeeding 
hour. When the mean differences with the control period (second and third 


hours) were calculated, reductions of output were —70, —78 and —23 % of the 


maximum in the fourth, fifth and sixth hours, respectively (Table 1 and Fig. 4). 


15 tests 
5 dogs 
Acid 


0-1 N-HCI or NaCi 


4. Effect of intraduodenal infusion of saline and acid on hourly output of acid from vagally 
innervated and vagally denervated gastric pouches secreting in response to repeated small 


S dogs 
feedings of meat. The times of feeding are indicated by the vertical lines, following the arrow, 
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at the base of each block of bars. The stippled zone delineates the period during which acid 


or saline was given intermittently into the duodenum. 


Fig. 


Significant inhibition also was demonstrated when individual hourly outputs 


were compared, mean differences during the 2 hr of the period of infusion 


being —70 and —79% (Table 3). However, this type of analysis showed that, 
although the output in the subsequent hour also declined by 24%, the change 


was not significant statistically. The apparent augmentation of secretion that 


significant statistically by either 


‘equal quantity of 0-1 n-sodium chloride instead 


of acid was administered intraduodenally to dogs with vagally innervated 
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pouches, a significant augmentation of secretion was produced in the fifth and 
sixth hours, amounting to +23 and +28 % of the maximum, respectively, when 
compared with the secretory output of the control period (Table 1). Similarly, 
significant augmentation of secretion was indicated when the mean outputs of 
the fifth and sixth hours of tests with feedings alone were compared to those of 
the same hours when saline was given with the feedings (+21 and +25, 
respectively; Table 3). 

Comparison of the mean hourly outputs of the vagally denervated pouches 
during the fourth, fifth, sixth and seventh hours of feedings alone with the out- 
puts of the same hours when saline or acid was infused showed that the 


- infusion of either agent augmented the secretory response of these pouches 


to the feedings (Fig. 4 and Table 3). The increases in secretion were significant 
in the fourth, fifth and sixth hours with infusion of saline, and only in the sixth 
hour with infusion. of acid (Table 3). Neither acid nor saline had a significant 
inhibitory effect on the secretion of these pouches during any of the test 
periods (Table 3). 

The data allow the conclusions that the presence of acid in the duodenum 
decisively inhibits the response of vagally innervated gastric pouches to the 
ingestion of a single meal of meat or multiple small feedings of meat and that the 
inhibitory effect of the acid is lost when the vagal nerve supply to the pouch 
is removed. 


Aleohol meal 


Ethanol was given alone on seventeen occasions to six dogs with vagally 
innervated pouches and was given with intraduodenal infusion of acid during 
the first hour of the test on fifteen occasions to five of the six dogs (Fig. 5). 


_ Highly significant inhibition of secretion occurred during the hour of the in- 


fusion (—26% of the maximum; P<0-001). Augmentation of secretion 
followed infusion, and this was decisively significant in the third hour of the 
test (+ 26%; P<0-001). It appeared that the inhibitory effect of acid in the 
duodenum for 1 hr was sufficient to delay but not abolish the secretory response 
to alcohol (Fig. 5). | 

On five dogs with vagally denervated pouches, seventeen tests were per- 
formed with the meal alone and thirteen when acid was administered in the 
first hour. A minimal and insignificant reduction of secretion occurred in the 
first hour (—4%; P=0-2), whereas significant augmentation of secretion took 
place in the second and third hours (+6 and +3, with P=0-003 and 0-02, 
respectively. 

It is concluded that the secretory response of vagally innervated pouches 
to test meals of alcohol is inhibited by the presence of acid in the duodenum 
and that this inhibitory action is abolished when the vagal nerve supply to the 
pouch is lacking. 
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Fig. 5. Effect of intraduodenal infusion of acid on secretion of vagally innervated and vagally 
denervated gastric pouches stimulated by a test meal of alcohol. Time of giving the alcohol is 
indicated in each instance by the arrow. The stippled zone delineates the 1 hr period during 
which acid was infused intermittently into the duodenum. 


Histamine 

The failure of acid in the duodenum to inhibit gastric secretion stimulated 
by a single injection of histamine (Friedman, Pincus & Thomas, 1943; Pincus 
et al. 1944) led us to test the effect of infusion of acid during sustained secretion 
produced in response to continuous injection of histamine. As it became ap- 
parent that the rate of secretion modified the degree of inhibition obtained, it 
was decided to vary the dose of histamine to produce slow, medium and rapid 
rates of secretion. These were designated respectively as rates that were 
40°% or less, 41-59% and 60% or more of the maximal capacity of the 
pouches. 

In fourteen tests on five dogs with vagally innervated pouches, a consistent 
inhibition of output of acid occurred during the period of infusion of acid in the 
duodenum (Fig. 6). Reduction was most pronounced at slow and medium 
rates of secretion, under which conditions the inhibition was highly significant 
(P <0-01 in each instance). When the rate of secretion was rapid, the infusion 
of acid in the duodenum was ineffective (Fig. 6). A highly significant inverse 
correlation between the degree of inhibition produced by acid in the duodenum 
and the rate of secretion was apparent when the data were represented graphi- 
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Vagally innervated pouches , Vagally denervated pouches 
| 14 tests on 5 dogs 12 tests on 4 dogs 
= Slow Medium Rapid Slow Medium Rapid | 
& 
2 
4567 4567 4567 4567 4567 4567 
Hours of test Hours of test 
Gas Continuous intravenous Intraduodenal acid 


histamine infusion “5 infusion of 0-4 N-HCI 
Fig. 6. Effect of different rates of gastric secretion on the inhibitory influence of acid in the 
duodenum when histamine is used as the stimulant and when the tests are made with vagally 
innervated as contrasted to vagally denervated pouches. The stippled zone delineates the 
2hr period during which acid was instilled intermittently into the duodenum. In this 
figure only, results have been expressed as percentage of change from control output. 
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Control secretion rate as percentage of maximum 


Fig. 7. Dependence of degree of inhibition produced by acid in the duodenum on rate of gastric 
secretion, The tests were made in vagally innervated pouches secreting in response to the 
continuous intravenous injection of histamine. 
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8, Effect of intraduodenal infusion of saline on secretion of vagally innervated and vagally 


When the rate of secretion was slow, a significant increase in the output of 
denervated gastric pouches stimulated at slow, medium and rapid rates by the continuous 


acid from the vagally innervated pouches occurred during the post-infusion 


period (Fig. 6). However, changes during this period at more rapid rates 


To be certain that the inhibition was due to the acid, the effect of intra- 
The results demonstrate that the infusion of acid in the duodenum inhibits 
the output of acid from vagally innervated gastric pouches when these are 
secreting continuously at moderate or slow rates in response to sustained 


duodenal infusion of saline was determined under identical circumstances in 


eleven experiments on four dogs with vagally innervated pouches and in eight 


experiments on four dogs with vagally denervated pouches (Fig. 8). No inhibi- 
tion of secretion was observed in any of the tests, at any of the secretion rates, 


cally and when the correlation coefficient was calculated (Fig. 7). In contrast, 
or with either type of pouch. Slight but usually insignificant increases in 


a significant change in secretion did not occur during infusion of acid at any of 
the secretory rates in the twelve tests performed on four dogs with vagally 


of secretion in the vagally innervated pouches and at all rates of secretion in 
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stimulation by histamine. This inhibitory action of acid in the duodenum on _ 
histamine-induced secretion does not occur if the pouches have been deprived a 
of their vagal nerve supply. | 


Insulin 

The intraduodenal infusion of acid produced a decisive inhibition of the 
secretory response of the vagally innervated pouches to injections of insulin 
(Fig. 9). Fifteen tests were made on five dogs when acid was instilled, and the 
same number were made on the same animals when insulin only was given. The 
pattern of hypoglycaemia in the two groups of tests was practically identical 


(Fig. 9). Secretion of acid was reduced significantly in the first 2 hr (—11 and 4 j 
—21% of maximum, with P <0-001 and =0-001, respectively). Insignificant u 
5 Mean blood sugar q 
: 
q 
60 
E 
t 1 
Mean acid output 
5 dogs 
40 
3 — Y 


2 units of insulin per kg body wt. ' ya 


Mean Intraduodenal infusion 
of 01 N-HCI 
Fig. 9. Effect of intraduodenal infusion of acid on secretory output of vagally innervated gastric i 
pouches stimulated by hypoglycaemia induced by injection of insulin. Stippled zone delineates 
the 2 hr period during which acid was instilled intermittently into the duodenum. 
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augmentation of output occurred in the third hour (+10%; P>0-:8), while 
significant augmentation took place in the fourth hour (+16%; P=0-004). 


Vagally innervated pouches Vagally denervated pouches 
12 tests 12 tests 


4 dogs 4 dogs 


—0-2 mg Urecholine s.c. ro" 5 SE. 
Every 15 min Mean 


Fig. 10. Effect of intraduodenal infusion of acid on gastric secretion of vagally innervated and 
vagally denervated pouches stimulated by injection of Urecholine. The stippled zone delineates 
the 1 hr period of infusion of acid. 


Urecholine 


In contrast to all the preceding results, the intraduodenal infusion of acid 
increased rather than decreased the secretory response of the vagally inner- 
vated pouches when Urecholine was used as the stimulant (Fig. 10). Urecholine 
was given during twelve tests on four dogs when no acid was administered and 
during the same number of tests to the same dogs when acid was employed. 
The mean output of acid was increased significantly during the hour of infusion 
of acid and in the succeeding hour (P=0-017 and <0-001, respectively). Al- 
though the response was predominantly augmentary, some inhibition did occur 
during the hour of infusion in a third of the tests. 

In dogs with vagally denervated pouches (Fig. 10), insignificant augmenta- 
tion of secretion (P =0-08) occurred during the hour of infusion of acid, while 
decisive augmentation occurred in the hour after infusion (P =0-003). 
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Intraduodenal infusion of acid or saline 

Since augmentation, as well as inhibition, of secretion sometimes was ob- 
served during and after the intraduodenal infusion of ‘acid or saline when the 
pouches were secreting in response to other agents, tests were made to deter- 
mine the effects of such instillation alone. The infusion was given for the first 
2 hr of a 4 hr period of study. Saline was infused in seven tests on four dogs 
and acid in twelve tests on six dogs with vagally innervated pouches, while 
nine tests using saline and ten using acid were carried out on four and five dogs, 
respectively, with Heidenhain pouches. 


bp. a innervated pouches Vagally denervated pouches 
12 tests - 10 tests 
‘ dors 5 dogs 
ol 
- 
4 
F: 
123 4 123 4 
Hours of test Hours of test 
Fig. 11. Stimulation of gastric secretion by intermittent intraduodenal infusion of saline or acid. 


No other stimulus was given to the dogs; secretion of acid from the pouches was absent before 
infusion was started. The stippled zone delineates the 2 hr period of intraduodenal infusion. 


Intraduodenal infusions of saline and of acid had slight and nearly equal 
stimulating effects on vagally denervated gastric mucosa (Fig. 11). The same 
infusions were much more effective when the gastric mucosa was vagally 
innervated (Fig. 11). Also, when vagal innervation was lacking, the pattern 
of the response to the two agents was similar. However, when the nerve 
supply to the gastric mucosa was intact, the pattern of the response to acid 
differed from that obtained with saline, although the total amounts finally 
secreted were much the same (Fig. 11). During the actual period of infusion, 
secretion from the vagally innervated pouches was greatly curtailed when 
acid was used, as compared with the secretion when saline was given. 
Secretion was augmented when administration of acid was stopped (Fig. 11). 
It might be concluded that, under these conditions, acid is a poorer stimulant 
than is saline. This does not explain the augmentation when the infusion 
of acid was stopped. An alternative interpretation is that the low pH in 
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the duodenum while acid was being infused initiated influences that inhibited 
the normal secretory respénse to the presence of liquid in the duodenum; 
then, when the infusion of acid was stopped and the acid was neutralized, these 
inhibitory influences ceased and the purely stimulating effects of the presence 
of the fluid in the duodenum emerged. 


DISCUSSION 


The finding in this study that the presence of acid in the duodenum inhibits 
gastric secretion confirms the results of many previous investigators (Sokolov, 
1928; Day & Webster, 1935; Griffiths, 1936; Wilhelm] et al. 1937; Shay et al. 
1942; Pincus e¢ al. 1944). Our observations, however, delineate more precisely 
the exact circumstances under which inhibition may be expected. In general, 
significant inhibition of gastric secretion by acid in the duodenum only occurs 
when the vagal nerve supply to the gastric mucosa is intact. It does not occur 
when vagally denervated, Heidenhain types of gastric pouches are employed, 
and this explains the negative findings of Woodward e¢ al. (1954). The mecha- 
nism through which the inhibition is produced must, therefore, be partly or 
entirely vagal. The rapid onset of the inhibition when acid was placed in the 
duodenum and its speedy termination when the instillation was stopped also 
suggest a neural mechanism. The findings of this study show clearly that the 
vagal nerve supply to the gastric mucosa must be intact but they do not 
prescribe whether or not the supply to the duodenal mucosa likewise must be 
intact. 

While it is clear from this study that neural connexions are essential for the 


_ inhibition, our observations do not define the intimate mechanism through 


which the inhibition is produced. A glance at Figs. 2-4, 6 and 11 shows how 
decisive the inhibition was in vagally innervated pouches and how insignificant 


the changes were in the vagally denervated pouches; at the same time, however, . 
the illustrations show how much greater the responses of the vagally innervated — 


pouches were, in most instances, to identical stimuli (Figs. 2-4, 10 and 11). It 
is possible that a secretory component present in the vagally innervated pouches 
was lacking in the vagally denervated pouches and that it is this common 
secretory factor which acid in the duodenum is capable of inhibiting. It is 
equally clear that the secretory influences which played on the vagally dener- 
vated pouches were uninhibited by the presence of acid in the duodenum. 
These factors also were influencing the vagally innervated pouches and their 
action may account for the fact that inhibition of secretion of the innervated 
pouches was seldom complete. 

Although some secretory component, factor or influence was certain!y 
inhibited by the infusion of acid, its formation or its effect was not entirely 
prevented or permanently interrupted, since excessive rebound secretion so 
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often occurred immediately after cessation of the instillation of acid. The more 
consistent occurrence of this rebound in the vagally innervated pouches sup- 
ports this general hypothesis. The possibility that the inhibition was due to the 
presence of specific inhibitory fibres in the vagus nerve, as was originally 
postulated by Pavlov (1910), remains open and indeed rather likely as the 
importance of the presence of the vagus nerves in the production of 
this and various other types of inhibition becomes evident (Hood & Code, 
1951). wien) 


pH of duodenal contents 


Hours Time (min). 
Fig. 12. Effect of intraduodenal infusion of acid on the appearance and pH of the duodenal contents 
during digestion of a meal of meat. Acid was given during the periods indicated by cross- 
hatched blocks at top of chart. The appearance of the contents is shown in the upper panel; 
the pH is indicated in the lower panel. Notice the disappearance of meat (dark tubes) caused 
by reduced gastric emptying as the acidity of the duodenal contents increased during infusion 


of acid. 


It has hou amply demonstrated that the presence of acid in the duodenum 
reduces gastric motility and slows its emptying (Thomas, 1931; Quigley, 
1942). In our study, evidence of impaired gastric emptying occurred during 
the experiments involving feeding of meat. When infusion of either acid or 
saline was given, particles of meat usually disappeared from the material ob- 
tained at duodenal aspiration as soon as the infusion was started and reappeared 
within half an hour after infusion was stopped (Fig. 12). The interruption of 
motility may have reduced the formation of secretory factors accompanying 
digestion and thus contributed to the inhibition. That such a mechanism must 
have been a minor factor is indicated by the observations that reduced 
emptying also occurred with infusion of saline when inhibition was absent, 
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and that significant inhibition occurred in the secretion produced by hista- 
mine and insulin when the inhibition of motility hardly could have affected 
the results. 

At first consideration, it appeared possible that accumulation of acid in a 
relatively immobile stomach or regurgitation of acid from the duodenum would 
raise the acidity in the region of the antrum, thereby impairing release of hor- 
mone from this site, and that this might account for some of the reduction in 
secretion from the vagally innervated pouches (Oberhelman, Woodward, 
Zubiran & Dragstedt, 1952). In fact, regurgitation into the region of the 
antrum of a coloured solution of acid that had been infused into the duodenum 
was demonstrated in a number of tests on a dog with both gastric and duo- 
denal fistulas. Increases in concentration of acid in the antral region must have 
occurred as readily in the dogs with vagally innervated pouches as in those 
with vagally denervated pouches, yet inhibition occurred only in the former. 
It appears unlikely, therefore, that this mechanism was an important factor in 
the inhibition caused by acid in the duodenum. 

The stimulation of gastric secretion noted in this study when acid or saline 


was infused in the duodenum conforms with earlier findings of others (Ivy & | 


MclIlvain, 1923; Sircus, 1953). The vagally innervated and denervated pouches 


were approximately the same size in our dogs. The greater output of the vagally — 
innervated pouches in response to identical duodenal infusion indicates that a — 


portion of the response is dependent on the integrity of the vagal nerve supply 
to the gastric mucosa. 

Two inconsistencies occurred in our findings. First the infusion of acid, 
produced some, although minimal, inhibition of secretion from the vagally de- 
nervated pouches during the first hour of the response to a single meal of meat. 
The combination of the large meal of meat with the intraduodenal infusion 
occasionally induced vomiting. When this occurred, the tests were dis- 
continued. It is possible that unrecognized nausea occurred in some of the 
tests included in the analysis and that this reduced the secretion from the 
pouches (Grossman, Woolley, Dutton & Ivy, 1945). The second inconsistency 
was that the presence of acid in the duodenum usually failed to inhibit the 
secretion produced by administration of Urecholine. Pincus and co-workers 
(1944), however, have observed inhibition by Urecholine and this did occur 
in some of our tests. Cholinergic drugs in general are capable of producing 
both stimulating and inhibiting effects on gastric secretion (Gray & Ivy, 1937). 
It is likely that the dosage and time relationships between stimulation by Ure- 
choline and inhibition by acid are critical, and that our failure to observe 
inhibitory effects was due to our fixed dosage and time schedules. 

In observations on human beings and dogs, previous investigators have been 
consistently unable to inhibit the gastric secretory response to single subcu- 
taneous injections of histamine by the instillation of acid into the stomach 
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(Wilhelmj, Neigus & Hill, 1933) or duodenum (Friedman e al. 1943; Pincus 
et al. 1944). We noted inhibition consistently only in vagally innervated 
pouches and then only when secretion was maintained constantly at slow or 
moderate rates. When a single injection of histamine is given, the rate of 
gastric secretion varies throughout the entire response so that inhibition of a 
portion of the response might easily be missed or be masked by a subsequent 


rebound of secretion. Indeed, the general consistency of our results with the — 


various stimuli was probably due to the intermittent administration of acid 
into the duodenum, the type of duodenal fistula used, the adequate vagal 
nerve supply to the pouches and the control of the rate of secretion when 
stimulation by histamine was employed. 


SUMMARY 


1. A quantitative comparison of the regulatory effect of the presence of acid 
in the duodenum on the secretion of acid from vagally innervated and vagally 
denervated gastric pouches has been made in dogs. 

2. Intermittent intraduodenal infusion of acid caused a decisive inhibition 


| of the secretion of acid from vagally innervated gastric mucosa stimulated by 


the ingestion of single meals of meat. or by multiple small feedings of meat or 
when stimulated to a slow or moderate rate of secretion by continuous injec- 
tions of histamine. .The inhibitory effects of the acid were lost if the gastric 
‘mucosa was deprived of its vagal nerve supply. The presence of acid in the 
duodenum also inhibited the secretory response of vagally innervated gastric 
mucosa to hypoglycaemia induced by injection of insulin. In contrast to the 
results obtained with these stimulants, the response of either vagally inner- 
vated or denervated mucosa to 8-methylcholine chloride urethane (Urecholine) 
was enhanced when acid was infused into the duodenum. 

3. The stimulating effects of intraduodenal infusions of saline or of acid on 
gastric secretion in fasting animals have been confirmed. The dependence of 
the magnitude and the pattern of the response on the integrity of the vagal 
innervation of the gastric mucosa has been demonstrated. 

4. The general conclusion has been reached that the presence of acid in the 
duodenum has a strong inhibitory influence on a large segment of the total 
secretory response of vagally innervated gastric mucosa and that this inhibi- 
tory influence is entirely lost if the mucosa is deprived of its vagal nerve supply. 
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THE MECHANISM OF FOETAL LOSS AFTER 
PREGNANT RATS ARE SPAYED 


By J. F. D. FRAZER 
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Various workers (Marshall & Jolly, 1905; Selye, Collip & Thompson, 1935; 
Haterius, 1935, 1936; Zeiner, 1943; Alexander & Frazer, 1954; Alexander, 
Frazer & Lee, 1955) have shown that removal of both ovaries from the pregnant 
rat is usually followed by loss of the majority of the foetuses, unless the opera- 
tion takes place very late in pregnancy. Haterius (1936), Zeiner (1943) and 
Alexander & Frazer (1954) all noted distortion of the foetuses. King, in 1927, 
showed that in the sow there was a difference between the activity of the 
circular fibres and the longitudinal ones of the uterus. In the rat, Alexander & 
Frazer found relaxation of the longitudinal fibres, while the circular ones 
appeared to be contracted, thus causing elongation of the foetuses. Attempts 
to use uterine muscle in vitro with an isotonic lever system failed to give any 
definite proof of such increased tone in the circular muscle, the technique 
proving too crude for such a small preparation (Frazer, 1953). 

It was determined, therefore, to approach the subject from a slightly different 
aspect, attempting to nullify any tone in the circular fibres of the uterus, and — 
to see if, under such circumstances, foetuses would survive when both ovaries: 
were removed from their mother. This investigation produced the eo 
reported here. 


a 


MATERIALS AND METHODS 


The rats used were of the albino Wistar strain, as developed by Messrs Glaxo Laboratories Ltd. 
Vaginal smears were taken daily, and the presence of either spermatozoa or a copulation plug was 
taken as an indication that mating had occurred. The day of this finding was designated as ‘Day 0’ 
of the pregnancy. Under these circumstances, full term is 21-22 days. 

The rats had their abdomens opened under ether anaesthesia at the 15th day of pregnancy, and 
the ovaries removed by a technique already described (Alexander et al. 1955). At the same time, 
a longitudinal incision was made in the uterine muscle over certain conceptuses, care being taken 
to avoid puncturing the amniotic sac. The foetuses, in their sacs, were thus liberated into the 
Peritoneal cavity of the mother, the placentas remaining adherent to the uterine horn and still 
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forming a connexion between them and the mother. The remaining foetuses were left untouched, 
to act as controls. Other control rats had their foetuses liberated into the peritoneal cavity, but 
these mothers were not spayed. 

Sewing up was done with sterile cotton for the deep sutures, Michel clips being used in the skin. 
The rats were subsequently killed at the 21st day of pregnancy and the uterine horns examined. 


RESULTS 


‘It was found that in some cases the liberation of foetuses into the peritoneal 
cavity was followed by their death, which had occurred, judging by the foetal 
size and development, about the 16th or 17th day of pregnancy. These foetuses 
were found to be floating in sacs containing an abnormally high amount of 
amniotic fluid: as much as 4-2 ml. or more was recovered from a single sac on 
five occasions. Normally there is only a fraction of 1 ml. present. 


Taste 1. Numbers of surviving foetuses at term in a series of spayed mother rats compared _ 
those in a similar series of normal mothers. 


Conceptuses 
Mothers " Freed Not freed 
8 spayed 11 out of 24 9 out of 40 
9 not spayed 13 out of 28 26 out of 38 


It was also found that some of the living freed foetuses were surrounded by 
more amniotic fluid than usual, the ones from the spayed mothers having 
significantly more fluid that those where the maternal ovaries had been 
retained. (For the series given in Table 2, t=6 which corresponds to P < 0-001.) 

The rate of loss of freed foetuses was the same for both spayed and normal 
mothers. This is shown in Table 1 where it is also apparent that of the unfreed 


foetuses only 1 in 4 survived in the spayed mothers, while nearly all were — 


present in the normal mothers. This difference is highly significant: an analysis 


of the figures for foetuses from eight spayed and nine normal mothers gives 
x?=14-81, n=1, P<0-001. 


Comparison of fifty-two freed foetuses, from both spayed and normal 


_ mothers, with forty unfreed foetuses from spayed mothers shows that loss was _ 


definitely greater in the latter (x?=4-52, n=1, P<0-05). 


DISCUSSION 
When rats were spayed at the 15th day of pregnancy and the foetuses not 


freed from the uterus, nine out of forty survived. This compares with Haterius’s — 


(1936) figure of nine out of thirty-six surviving when he left single foetuses in 
each mother after killing the others by cautery. He found that more survived 
when the foetuses were removed through incisions in the uterine horn. 

The present results show that the foetal loss after spaying pregnant rats at 
the 15th day was lowered by the operation of incising the uterine horn, so as 
to free the conceptus but leaving it in its amniotic sac. In fact, the loss which 
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occurred was only on the scale of that produced by the operation in rats that 
had not been spayed and it seems that this increased survival may be due to 
removal of undue pressure by the circular muscle of the spayed rat (Alexander 
& Frazer, 1954). In the rabbit, Csapo (1954) and Corner & Csapo (1953) have 
shown that under isometric conditions the uterine activity can vary with the 
hormonal environment, progesterone domination causing a decrease in the 
tension developed. 

It has been noticed, however, that there was loss of 50% of foetuses as a 
result purely of the uterine incision. It was suspected that this might have 
been a consequence of damage of the blood supply to the placenta, due to the 
_ strangulation of this by the contraction around it of the cut uterine muscle. 
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 Tastxz 2. Amniotic fluid at 21 days of pregnancy showing greater quantity associated with 
foetuses freed by uterine incision at 15 days in spayed mothers than with those similarly 
freed in otherwise normal mothers. The figures for the two groups of living freed foetuses give 
the values ¢=6, P<0-001. The number of foetuses in each group is in brackets. 


Mean quantity of amniotic fluid per 
foetus (ml.) 


A. 


: Freed foetuses Control 

is foetuses 

Mothers Alive Dead (alive) 
Control 0-28 (9) 2-91 (5) 0-18 (4) 4 
Spayed 1-01 (8) 2-93 (14) 0-20 (2) : 


It was particularly noticed that adhesions were plentiful around these sites, 
and it seemed possible that they also might have contributed towards pre- 
venting an adequate transfer of gases and nutrients between mother and 
foetus. No evidence has been obtained on this point, but histological section 
of the placenta has shown that there was no marked difference between 
placentas which had been so treated and those from normal sites. 

It has been shown (Table 2) that incision of the uterine horn tended to lead 
to production of hydramnios, especially in the spayed mothers. It seems at 
first probable that this is due to greater ease of formation of amniotic fluid ia 
the absence of the opposing pressure from the uterine muscle. But this fails to 
explain why more fluid is present around the living freed foetuses of spayed 
mothers than around control freed foetuses. The probable implication is that 
the ovary plays some part in controlling the formation of the fluid, yet Table 2 
shows no difference in the volume of fluid between the spayed and the norma! 
where the foetuses had not been freed from the uterine muscle. One possible 
explanation may be that the hydramnios is caused by inadequate transfer of 
fluid across the placenta as a result of obstruction due to adhesions and that in 
the spayed animal this obstruction is greater owing to increased tone in the 
transverse uterine muscle causing some contraction of this round the placental 
sites as well as elsewhere. 
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SUMMARY 


1. Rats were spayed on the 15th day of pregnancy and at the same time 


certain conceptuses, in their amniotic sacs, were freed from uterine tension by 
incisions in the uterus. The freed conceptuses remained in contact with the 
mother through the placenta. : 

2. Only one in four unfreed foetuses survived in spayed mothers, but twice 
this proportion of freed foetuses survived both in spayed and in normal mothers. 

3. Death of the freed foetuses was associated with hydramnios. 

4, Among living freed foetuses a greater increase in amniotic fluid was found 
in spayed than in normal mothers. 

5. It is believed that foetal death after the seh i is spayed follows a rise 
in intrauterine pressure, and that in the otherwise normal rat this is associated 
with increased tone in the circular uterine muscle fibres. 
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SOME OBSERVATIONS ON THE CONTRACTILE TISSUE 
OF THE MAMMARY GLANDS 


| By J. L. LINZELL 
From the Institute of Animal Physiology, Babraham, Cambridge 


(Received 4 February 1955) 


Recent histological studies (Richardson, 1949; Linzell, 1952; Silver, 1954) have 
provided strong circumstantial evidence for the view that the mammary 
myoepithelium is a contractile tissue, which produces milk ejection in response 
to oxytocin released from the posterior pituitary gland during suckling. 
However, direct evidence of contractility is lacking. 

A number of other substances have been reported as causing partial or 
complete milk ejection in the isolated perfused cow’s udder (Petersen, 1942; 
Peeters, Sierens & Silver, 1952), but it cannot be decided with certainty 
whether they are acting upon the myoepithelial cells around the alveoli or 
upon the smooth muscle of the teat and cistern, which has been shown to 
contract in response to many drugs as well (Peeters, 1948). 

Direct microscopical examination of the living mammary gland has been 
undertaken to determine the site of action of the substances producing the 
expulsion of milk and to study the response of the myoepithelial cells. Pre- 
liminary results have been previously reported to the Physiological Society 
(Linzell, 1954). | 

METHODS 


Lactating mice were used as the main experimental animals but comparisons were made with the 
rat, rabbit and guinea-pig. Rats and mice were anaesthetized with 10% (w/v) urethane by 
intraperitoneal injection, 150 and 170 mg/100 g respectively; some mice needed more, up to 
220 mg/100 g. A solution of 1% (w/v) chloralose and 10% (w/v) urethane (75 and 750 mg/kg) 
was used for rabbits and guinea-pigs, given by intravenous and intraperitoneal injection 
respectively. 


_ The mammary glands were exposed and observed with a stereoscopic dissecting microscope 


(x20 to x50). In the rat and mouse it is often convenient to reflect the skin and adherent glands, 
which can be laid on a flat surface without interfering with the blood and nerve supply. The 
dorsal (abdominal) side of the mammary tissue is then examined. The exposed tissue was kept 
moist with physiological saline solutions (usually that of Krebs & Henseleit, 1932) and covered 
with a sheet of thin polyethylene. 

Incident illumination was used from a shielded Pointolite lamp focused on the tissue through 
& }in. Perspex rod, which acted as a heat filter. Photographs were made with a low-power 
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monocular microscope and orthochromatic plates either with the same illumination (exposure 
time }-1 sec) or latterly with a 100 J electronic flash apparatus synchronized with the camera 
shutter (flash duration 2 msec). 

Drugs were made up in 0-9% (w/v) NaCl solution. For topical application the solutions were 
delivered, in volumes of 0-0002-0-1 ml., from a micrometer syringe (Burroughs Wellcome and 
Co.), a8 drops at the tip of a 20-gauge needle and gently placed on the tissue without touching 
it with the needle, For the determination of threshhold the volume was kept constant at 0-0002 ml. 
Doses of the pituitary hormones are expressed in milliunits (mU). 

Electrical stimulation was carried out with small bipolar or unipolar electrodes i kepties from 
an a.c, source at 50 c/s or a square-wave stimulator. 

In some experiments the milk-ejection responses of the whole gland to intravenously ad- 
ministered drugs were observed simultaneously with the local response. In the guinea-pig and 
rabbit the teat was cannulated and milk outflow recorded on a kymograph. In the mouse the 
flow of milk into the main teat duct was observed microscopically. 


RESULTS 
Appearance of the living mammary gland 

In the rat, mouse and rabbit the lactating mammary glands have a thin 
covering of connective tissue which is almost completely transparent. There 
are a variable number of individual fat cells, which do not seriously obstruct 
vision, but make photography of the mammary tissue difficult. In the well 
nourished guinea-pig there is a much thicker layer of fat lobules which have to 
be parted to reveal the mammary tissue. When they contain milk the surface 
alveoli appear as gleaming white structures by incident illumination in 
contrast to the pink surrounding tissue, each lobe resembling a somewhat 
compressed bunch of irregular grapes (Pls. 1 and 2). The empty alveoli are also 
pink and are therefore more difficult to see (e.g. Pl. 1, fig. 4, and Pl. 2, fig. 16). 
To ensure that the glands contained some milk, the litters were removed 
1 to 14 hr before using the animals. The rate of filling varies with the stage of 
lactation, the size of the litter and whether the animal is simultaneously 
pregnant. In the mouse all the glands may be completely emptied by vigorous 
sucking so that no alveoli containing any milk can be found. After a period of 
4-6 hr the alveoli of all animals contain some e milk and this was the usual 
interval 

Examination of some animals revealed that not all the alveoli ¥ were terminal 
structures in the gland tree, but that the outlets of many joined other alveoli 
rather than ducts. This was most easily seen in the glands of animals with small 
litters, or in those starting to involute. Mosimann (1949) has described the 
same condition in reconstructions from serial sections of the mammary gland 
of the cow and refers to this arrangement as that of a branched alveolar gland. 
All the alveoli, whether terminal or not, are lined by secretory cells and 
cannot ordinarily be distinguished from each other. _ 

The large ducts, apart from a very few running near the gland surface 


(Pl. 2, figs. 11-16), are not usually visible in the fully active gland unless milk - 
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ejection has just taken place. When the gland has involuted to the stage at 
which the alveoli no longer contain milk, the ducts are more easily seen (see 
later). Capillaries can be seen running over the surface of the alveoli. 

_ The living myoepithelial cells cannot be distinguished by normal, ultraviolet 
or polarized light and so far attempts to stain them vitally or supra-vitally have 
failed. Phase-contrast microscopy of simple squash preparations has not been 
helpful because it renders all cells, fibres and the abundant fat globules more 
easily visible and the myoepithelium is obscured. 


Evidence for the contractility of alveolar myoepithelial cells 

The alveoli themselves have been seen to contract in response to the same 
physiological and pharmacological stimuli which produce contraction of smooth 
muscle. The contained milk was partly or completely squeezed out into the 
ducts and then more gradually ran back again (Pls. 1, 2). The time course of 
the response was also similar to that of smooth muscle; 2-5 sec for contraction 
and 0-5-5 min for relaxation after a latent period of 2-20 sec. If the glands 
were almost empty the milk did not return to the alveoli, which remained 
contracted. If the glands were very greatly distended (e.g. in the mouse 
12 hr after last suckling) some alveoli did not contract, presumably because 
the pressure of milk was too great (Pl. 2, figs. 20-24). It was possible to obtain 
another contractile response as soon as relaxation had taken place. However, 
with too frequent stimulation the preparation became insensitive. With most 
animals tests could be repeated every 5 min for 2-3 hr on the same area of 

mammary tissue; a few were still active after 3-5 hr (Pl. 2, figs. 17-24). 
__The structures taking part in this contractile process are the lining alveolar 
cells, the well-developed network of myoepithelial cells embracing them, and 
the adjacent intralobular scanty connective tissue and capillaries. Smooth 
muscle is not present in the intralobular connective tissue (Richardson, 1949; 
Linzell, 1952). There is no evidence that connective tissue, devoid of smooth 
muscle, or capillaries in other situations are capable of exerting a powerful 
sudden compression or that the acinar cells themselves could produce it. 
However, the myoepithelial cells are ideally arranged and situated for this 
purpose, and it was therefore concluded that they are the contractile elements 
as suggested by the early German histologists on purely morphological grounds 
(see Linzell, 1952). 


Stimuli producing alveolar contraction 
Electrical stimulation 
Stimulation with bipolar electrodes produced contraction of four to five 
alveoli near each electrode (PI. 1, figs. 1, 2), but a unipolar electrode produced 
@ more widespread response of 1-3 mm? (PI. 1, figs. 3, 4; Pl. 2, fig. 15). The 


response was unaffected by p-tubocurarine (1:1000). Mechanical stimuli, such 
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as brushing with cotton-wool, produced a widespread alveolar contraction of 
surface alveoli in a few animals. Stimulation of the cutaneous nerves, supplying 
the glands, with a wide range of voltage, frequency and pulse duration, had no 
effect. Moreover, stimuli, which were known to excite the adrenergic sym- 
pathetic vasoconstrictor fibres in other species (Linzell, 1950), prevented the 
action of intravenous oxytocin or vasopressin if applied shortly before the 
injection (Text-fig. 1), but did not antagonize their topical action. 


Text-fig. 1, Milk-ejection responses to repeated doses of 2mU pure oxytocin (du Vigneaud’s) 
given intravenously at 5 min intervals to an anaesthetized guinea-pig. Volume records of 
the milk outflow into a vertical cannula (3 mm internal diameter) in the main teat duct. 
Immediately before the fourth injection the external spermatic nerve was stimulated (5 V; 
1 msec; 50/sec). The drum was stopped between responses. 


Parasympathomimetic drugs 

Acetylcholine chloride (Pl. 2, figs. 11, 12, 19 and 22) applied to the surface 
lobules produced complete alveolar contraction and capillary dilatation in 
small amounts (threshold 0-00001— 0-01 yg). Pilocarpine chloride (0-002-1-0 pg) 
(PL. 2, figs. 11, 13, 19 and 20) and the chlorides of other choline esters were also 
effective. Comparative thresholds in one experiment were acetylcholine 
0-0001 yg, carbamylcholine 0-0002 yg, acetyl-8-methylcholine 0-002 pg and 
benzoylcholine 0-02 wg. In some experiments the threshold dose of acetyl- 
choline (ACh) was lowered by previous eserinization of the whole animal or 
the topical applications of eserine. Atropine always abolished ACh action. 

Examination of mouse mammary glands by the histochemical method of 
~ Koelle (1950) for cholinesterases revealed small amounts of pseudo-cholin- 
esterase in the connective tissue cells and the eytoplaam of fat cells, but no 
true cholinesterase. 


Sympathomimetic drugs 

Adrenaline hydrochloride and L-noradrenaline bitartrate Pl 1, figs. 5, 6) 
produced capillary and arteriolar constriction only, even in large amounts 
(1 ug). However, they did not prevent other active substances (e.g. acety!- 
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choline. oxytocin), applied topically at the height of the vasoconstriction from 
producing their usual alveolar contraction (Pl. 1, figs. 7, 8). Moreover, when 
adrenaline and oxytocin were made up in the same solution, vasoconstriction 
and alveolar contraction occurred simultaneously upon topical application. 
In two experiments the threshold to oxytocin was unaltered by the addition 
of adrenaline (0-0005 and 0-001 yg) to the solutions, whereas in one the 
intravenous threshold to oxytocin was raised from 0-25 to 0-7 mU by the 
simultaneous administration of adrenaline (1 ug/l] mU of oxytocin). In 
other experiments the intravenous threshold did not alter in this way, and was 
- the same when determined by sae glands on opposite sides of the 
same animal, 


In addition to commercial posterior pituitary extracts and the partially 
separated hormones (Pitocin and Pitressin, Parke Davis), the purest samples of 
vasopressin and oxytocin of du Vigneaud produced alveolar contraction in 
extremely small amounts (Pl. 1, fig. 8; Pl.'2, figs. 16, 23 and 24). The ratios of 


TaBLE J. Threshold doses of pure oxytocin and vasopressin of du Vigneaud (mU) 


Intravenous Topical 

Species Oxytocin Vasopressin v/O "Oxytocin : Vasopressin v/O 
Mouse — 1x 10-8 1 x 10-8 
— -- 2x10-7 1x10 50 

0-3 3 10 2x10-* 2x10" 10 

2x 10-5 1 x 10-4 5 

0-15 2 13-3 — 

0-25 4 16 5x 10-5 1x 10-4 2 

0-25 3 12 2x10-* 2x 10-5 10 

0-2 3-7 18-5 2x 10-5 1x10 5 

0-1 1-25 12-5 

0-2 2-0 10 2x 10-* 2x 10-5 10 

0-15 2-0 13-3 2x 10-* 2x 10-4 100 

0-4 6-0 15 2 x 10-* 2x 10-5 10 

Mean 0-22 3-0 13-4 3-0 x 10-5 2-6 x 10-4 20 

Calculated from means — 13-6 8-7 

Guinea-pig 2 15 75 2x 10-4 1x 10-? 5000 
15 15 10 — — 

2 25 12-5 — 

1 12-5 12-5 5 x 10-* 5 x 10-* 1 

1 15 15 2x10-* 2x 10-5 10 

Mean 1-5 16-5 11-5 
Calculated from means 11-0 


activity of vasopression and oxytocin (V/O) were determined in a few experi- 
ments by comparison of thresholds (Table 1), which are given as the smallest 
amount to produce a detectable contraction. For complete alveolar contraction 
100 times the threshold dose was usually required. The stock solutions kindly 


provided by Professor du Vigneaud were prepared by him from arginine-vaso- 


pressin assaying at 400 U/mg and oxytocin at 450-500 U/mg. As will be seen 
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from Table 1, the variation in sensitivity to the topically applied hormones 
was very great as was also the ratio of activities by this method. However, 
the mean values for the latter agree fairly well with those obtained by the 
intravenous route and together suggest that oxytocin was 12 times as active 
as vasopressin. The sensitivity to pure vasopressin and oxytocin was not 
significantly different from that to the commercial Pitressin and Pitocin and 
_in three experiments in which the thresholds to Pitocin and oxytocin were 
compared in the same animal they were found to be the same. 

Neither atropine (Pl. 2, fig. 24), dibenamine (in doses sufficient to inhibit 
the actions of acetylcholine and adrenaline respectively), D-tubocurarine 
(1:1000) nor procaine prevented the action of oxytocin. 


Other drugs 

Histamine acid phosphate 0-05-1-0 yg (Pl. 2, figs. 11, 14, 17 and 18), barium 
chloride 1-50 yg (Pl. 2, figs. 19, 21), and 5-hydroxytryptamine creatinine 
sulphate 1 yg (Pl. 2, figs. 9, 10) all produced alveolar contraction. Marked 
tachyphylaxis was seen with 5-hydroxytryptamine; sometimes only one 
response was obtainable from a given area. 


The duct myoepithelium 


The myoepithelial cells of the ducts take the form of longitudinally arranged 


aciculate cells, which would tend to shorten and widen the ducts if they were 
contractile. On the few occasions when they could be observed in the fully 
active gland the ducts did become wider during generalized alveolar contrac- 
tion of a whole lobule (Pl. 2, figs. 11-16; and Linzell, 1952, figs. 14 and 15). 
However this might be entirely due to passive distension by milk squeezed 
from the alveoli. 

In the mouse it was found that if the litter was reduced to 2, some glands 
were not sucked and started to involute. After a week the alveoli were greatly 
reduced in size and contained no milk; they have been independently described 
by Cole (1933) as collapsed and degenerating at this stage of involution. 
However, some large and medium-sized ducts remained and were easily 
visible since they still contained some milk. In this state they were photo- 
graphed in three experiments (with a micrometer eyepiece in the optical set- 
up) before and just after the topical application of pure oxytocin (0-002 mU). 
After photographic enlargement tu a final magnification of 50-100, measure- 
ments of the duct width were made by two observers every 100 along the 
length of the area under test. Tracings were also made and carefully super- 
imposed using large blood vessels in the field as landmarks (Text-fig. 2). In 
each case there was a significant widening of the ducts, and in two an obvious 
straightening and shortening as well. The duct in Text-fig. 2a had a mean 
width of 88+ 23, (s.D.) before and 104+ 23, after oxytocin (P=0-01); its 
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length measured between the vessels crossing it at the top and bottom de- 
creased 8%. The duct in Text-fig. 2b increased in mean width from 234 + 25 
to 286 + 54 (P=0-001). In Text-fig. 2c the duct running into the main duct 
increased from 306 + 38 to 341 + 41 « (P =0-02); its length, measured from the 
bifurcation of the large blood vessel to the edge of the main duct, decreased 
by 10%. The shortening of another tributary of the main duct is also shown 
by the decrease in ‘wavelength’ of the undulating blood vessel on its surface. 


Text-fig. 2. Superimposed tracings of ducts made from photographs of three partially involuted 
mouse mammary glands. Solid lines before and broken lines after topical application of pure 
oxytocin 0-002 mU. Some of the blood vessels used as landmarks are included. Those that 
moved are also shown interrupted in their new positions (see also text). 


DISCUSSION 


The evidence presented for the contractility of the mammary myoepithelium, 
together with the fact that it responds to such extremely small amounts of 
oxytocin, confirms the now generally accepted view that this tissue is the 
final effector structure concerned in the ejection reflex. All the stimuli pro- 
ducing alveolar contraction are also those that cause smooth muscle to 
contract, so that the milk ejection seen in the perfused cow’s udder in response 
to pharmacological agents (Petersen, 1942; Peeters et al. 1952) may be due to 
stimulation of the mammary myoepithelium and/or the smooth muscle of the 
cistern, The response to 5-hydroxytryptamine is of interest because it prob- 
ably accounts for the milk-ejecting activity of shed blood (Peeters et al. 1952) 
in which this substance is known to develop after the rupture of blood platelets 
(see Page, 1954). . 

Dempsey, Bunting & Wislocki (1947) have suggested that the mammary 
myoepithelium is concerned with the transport of metabolites. This was 
because they found alkaline phosphatase in the resting gland in the outer cell 
layer of the ducts, but failed to find it in the lactating gland. Richardson 
(1949) has emphasized the need to distinguish carefully between the two types 
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of fully differentiated myoepithelial cells of the active gland on the one hand, 
and the immature outer duct epithelium on the other. The histologists of the 
last century believed that the former were derived from the latter, and 
presumably for this reason Dempsey et al. (1947) refer to the outer cells of the 
immature ducts as myoepithelium. To avoid confusion it would be better to 
restrict this term to the fully differentiated cells, which Silver (1954) has now 
shown in fact do contain alkaline phosphatase. If the mature myoepithelial 
cells are concerned with the transport of metabolites, this function would 
appear to be in addition to their role in the evacuation of milk from the gland. 

Although Arnstein (1895) described nerve endings on some isolated cells of 
the mammary gland in the pregnant cat, when supravitally stained with 
methylene blue, more recent studies by silver techniques (Dempsey et al. 1947; 
Linzell, 1951, 1952) have failed to demonstrate innervation of either secretory 
or myoepithelial cells. Physiological evidence for the lack of specific secre- 
tory nerves to the mammary glands is abundant. The present observations 
show that not only does nerve stimulation fail to produce milk ejection from 
the whole gland (see also Peeters, Coussens & Sierens, 1949; Linzell, 1950), 
but also fails to cause contraction of the myoepithelial cells or any movement 
of milk from the alveoli. These experiments then provide no support whatso- 
ever for the theory of Hammond (1936), that milk ejection is due to a vascular 
erection mediated by vasomotor nerves. 

The examination of the living mammary gland appears to have settled a 
controversy. In the whole animal adrenaline or sympathetico-adrenal activity, 
antagonizes the action of endogenous or exogenous oxytocin (Ely & Petersen, 
_ 1941; Cross, 1953). It does not have this action if given just before or with 
oxytocin to a gland perfused at constant volume inflow (Linzell, 1951). The 
present observations confirm the inhibitory action of adrenaline by the 
intravenous route, and show that stimulation of the sympathetic nerves to 
the gland has a similar action. It is now clear that neither adrenaline nor 
noradrenaline inhibit the myoepithelium itself when active drugs are applied 
topically at the height of the vasoconstriction. Therefore the peripheral 
inhibitory action of sympathetic-adrenal activity on milk ejection in the 
whole animal is most likely to be due to an intense vasoconstriction preventing 
adequate access of oxytocin to the myoepithelium, because it is known that 
the mammary blood vessels are very sensitive to adrenaline and noradrenaline 
(Hebb & Linzell, 1951) and that stimulation of the sympathetic nerves can 
temporarily stop the mammary blood flow (Linzell, 1953, fig. 6). In the gland 
perfused at constant volume inflow the oxytocin reaches the gland in spite of 
vasoconstriction. 

The action of highly purified vasopressin in producing alveolar contraction 
confirms the view of Popenoe, Pierce, du Vigneaud & van Dyke (1952) that 
this polypeptide has an inherent oxytocin-like activity of its own. The ratio 
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_of activities of purified oxytocin and vasopressin (12:1) determined in this 
work was of the same order as that reported for the rabbit by Cross & van 
Dyke (1953), and for the sow by Whittlestone (1952). The great variations in 
sensitivity to the topically applied hormones is not surprising. With this 
unphysiological method of application, variations in the area of spread, rates 
of diffusion, thickness of connective tissue covering and amounts and location 
of destructive enzymes (Page, 1946) might all account for this phenomenon. 


SUMMARY 


1. By direct miisanesoriial examination of the living mammary glands the 
alveoli have been shown to be capable of contraction so that the contained 
milk is forced out into the ducts. 

2. The following stimuli produced alveolar oe when applied 
topically : 

(a) The highly purified pituitary hormones vasopressin and oxytocin of 
du Vigneaud. Pure vasopressin had an activity of some 8% of that of pure 
oxytocin. 

(6) Direct electrical and sometimes mechanical stimulation. 

(c) Acetylcholine, carbamylcholine, benzoylcholine, acetyl-f-methylcholine, 
pilocarpine, histamine, barium chloride and 5-hydroxytryptamine. 

_ 3, Adrenaline, noradrenaline and sympathetic nerve stimulation had no 

action on the alveoli and did not prevent alveolar contraction in response to 

other stimuli. It is suggested that their peripheral-inhibiting action is due to 
vasoconstriction which normally prevents oxytocin from reaching the 

myoepithelial cells. 

_ 4, The ducts, around which the myoepithelium is arranged longitudinally, 

have been shown to widen and shorten in response to oxytocin at a stage of 

involution when the alveoli are degenerating and no longer contain milk. 

I should like to express my sincere thanks to Prof. V. du Vigneaud for samples of his highly 
purified vasopressin and oxytocin; to Dr W. Feldberg, F.R.S., for 5-hydroxytryptamine; and to 
the Imperial Chemical Industries for pure polyethylene sheet. The cholinesterase staining was 
kindly carried out by Dr Catherine 0. Hebb. 
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EXPLANATION OF PLATES 


Photographs of living mammary glands of lactating mice. P=panniculus carnosus muscle; 
D=duct; F = fat tissue. Magnification x 17-5, except in Figs. 1 and 2 ( x 36) and 9 and 10 ( x 26). 


PuaTE 1 

Figs. 1 and 2. Bipolar electrical stimulation with one electrode near edge of mammary gland 
at st. Localized contraction of alveoli. 

Figs. 3 and 4, Unipolar electrical stimulation of gland surface at st. Widespread alveolar 
contraction. 

Fig. 5. Edge of gland, panniculus muscle and small blood vessels. 2.50 p.m. 

Fig. 6. Same area just after topical application of L-noradrenaline bitartrate 0-0001 yg in 0-1 ml. 
Blanching of gland and constriction of small blood vessels. 2.55 p.m. 

Fig. 7. Acetylcholine chloride 0-001 yg in 0-1 ml. applied at height of vasoconstriction. Patchy 
alveolar contraction in spite of it, throwing some parts out of focus. 2.56 p.m. 

Fig. 8. Oxytocin 0-00001 mU in 0-1 ml. applied 1 min after same amount of noradrenaline. 
3.28 p.m. Uniform alveolar contraction. 
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Prats 2 
Fig. 9. Edge of distended lobe after saline control. No effect on alveoli or vessels. 


Fig. 10. 5-Hydroxytryptamine creatinine sulphate 1-0 yg in 0-1 ml. Alveolar contraction. 

Figs. 11-16. Repetitive responses from same area of gland. Between each response the alveoli 
relaxed to the condition shown in Fig. 11. Stimuli applied to top of field in 0-0005 ml. 
Fig. 11. Control, 3.30 p.m. Fig. 12. Acetylcholine chloride 0-005 yg. 3.31 p.m. Fig. 13. 
Pilocarpine chloride 0-06 pg. 4.20 p.m. Fig. 14, Histamine acid phosphate 0-05 yg. 4.50 p.m. 
Fig. 15. Unipolar electrical stimulation at st. 5.10 p.m. Fig. 16. Oxytocin 0-005 mU. More 
widespread alveolar contraction and filling of surface duct (D). 5.18 p.m. 

Figs. 17-24. Repetitive responses showing emptying of part of a lobule into the duct draining it, 
which is normally hidden beneath alveoli. Drugs applied towards top of field in 0-1 ml. 
Between responses the alveoli relaxed to the condition shown in Figs. 17 and 19. Note that 
the alveoli of a neighbouring lobule at the bottom of the field do not all empty, since the 
glands in this animal were greatly distended. Not all responses are shown. Fig. 17. Control. 
2.50 p.m. Fig. 18. Histamine acid phosphate 1 yg. 2.20 p.m. Fig. 19. Control. 3.30 p.m. 
Fig. 20. Pilocarpine chloride 0-5 yg. 4.55 p.m. Fig. 21. Barium chloride 50 yg. 5.00 p.m. 
Fig. 22. Acetylcholine chloride 0-01 pg. 5.45p.m. Fig. 23. Oxytocin 0-1 mU. 6.00 p.m. 
Fig. 24. Oxytocin 0-1 mU. 6.52 p.m. after atropine sulphate 2 yg at 6.35 p.m. Acetylcholine 
chloride 0-1 pg at 6.54 p.m. had no effect. 


— 
; 


EQ 
a 
| 
j 
| 
| 
4 
i 
re 
# | 
| 
4 
ig 
wis 
N 
4 
Ars ‘ 
4 
= 
a 
ofl 
4d 
x 
a 
4 
5 


_ J. Physiol. (1955) 130, 268-277 


A METHOD FOR ESTIMATING Tm FOR PHOSPHATE IN MAN 


By J. ANDERSON* 3 
From the Medical Unit, University College Hospital, London 


(Received 15 March 1955) 


The methods used by Ollayos & Winkler (1943), Lambert, van Kessel & le 
Plat (1947) and others for estimating the Tm for phosphate depended on 
measuring clearances on rapidly falling blood levels following the injection of 
a large amount of phosphate solution. Pitts & Alexander (1944), on the other 
hand, gave dogs varying infusions of phosphate to maintain a series of high 
constant blood levels and during these periods determined phosphate clearances. 
In all these methods the glomerular filtration rate (GFR) was determined 
either by inulin or creatinine clearances. 

- The method described here for determining the Tm for phosphate, expressed 
throughout as Tmp, in man needs only a 3 hr phosphate infusion. It was 
originally devised in collaboration with Drs C. E. Dent and B. Senior who 
propose, with the present author, to publish later the results of its applications 
to patients with disorders of renal phosphate excretion. The theoretical basis 
of the Tm calculations was described by Govaerts (1950), when he discussed 
the determination of the Tm for glucose. This is shown in Fig. 1. A substance 
like inulin, which is entirely filtered at the glomerulus and is neither reabsorbed 
nor excreted by the renal tubule, will give results which lie along a straight line 
(OC) which passes through the origin. The slope of this line is directly related 
to the glomerular filtration rate. Substances like glucose which have a renal 
threshold are excreted according to a curve OB. At low concentrations in the 
blood there is minimal excretion. At the point H, the minimum threshold, the 
excretion begins to increase rapidly. After the point J, the maximum thres- 
hold, has been reached the substance is excreted at a rate determined only by 
concentration in the plasma and glomerular filtration, as the renal tubules are 
now reabsorbing at their constant maximum capacity. The mean threshold (4) 


is determined by extrapolating the line BF to cut the abscissa. If phosphate — 


is also excreted in this way, then it should be possible to determine its mean 
threshold as well as the glomerular filtration rate from a single phosphate 
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infusion, during which determinations of plasma and urinary phosphate are 
carried out. The Tm, can then be calculated as it is the product of the mean 
threshold and the glomerular filtration rate. 


Glucose excretion rate in urine 


Blood glucose concentration 


Fig. 1. Glucose excretion in man, Curve OB represents the rate of glucose excretion in the urine 


at varying blood glucose concentrations (modified from Govaerts, 1950). H=minimum 
threshold; A = mean threshold; J =maximum threshold. OC represents glomerular filtration 
of glucose and excretion of inulin at increasing plasma concentrations. 


METHODS 
In this work an attempt has been made to avoid sources of error present in other techniques. 
After a suitable control period the infusion procedure was aimed to achieve a slow linear rise in 
plasma phosphate concentration in 3 hr. Frequent urine collections were made during the infusion 
with mid-point blood collections. As it is eventually intended to use the method for studying 
disorders of renal phosphate excretion, conditions have been standardized to avoid effects due to 
diurnal variations and so forth. Simultaneous inulin clearances were also determined as a check 
on the determination of GFR from the phosphate data. 

Solutions. Sodium phosphate solution (pH 7-4). This contains 1 % of phosphorus and is prepared 
from NaH,PO,2H,0 (11-49 g), and Na,HPO,2H,0 (44-31 g) made up to 11. with pyrogen-free 
distilled water. 2% (w/v) inulin prepared by diluting the 10% inulin solution supplied by Kerfoot 
and Co. with 0-45% (w/v) sodium chloride solution. 

Calculation of phosphate infusion rate. In the experiments on healthy subjects it was assumed, 
for the purpose of calculating the infusion rate, that the GFR was 120 ml./min/1-73 m* of body 
surface area, that the phosphate ‘space’ was 20% of body weight and that the Tmp was 3-5 mg/ 
min. A linear rise of plasma phosphorus concentration of 10 mg/100ml. was aimed at in each subject 
during the course of the 3 hr infusion. It was also assumed that during the course of the infusion 
the phosphate ‘space’ was constant, that the GFR was constant, and that the kidney was working 
above Tm» during the infusion so that the rate of kidney phosphate loss was proportional to 
plasma level, 
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The phosphate infusion consists of two components, one being to counteract the loss of phosphate 
by the kidney, the other a constant rate component to increase the phosphorus concentration of 
the phosphate ‘space’. The required rate of the first component will increase with time as the 
plasma concentration rises. , 

The method of calculation is shown for subject 1, F.C., whose height was 178 cm, weight 84-5 kg 
and surface area 2:1 m*. His GFR was estimated to be 145 ml./min. The factors in the graphic 
calculation of the infusion rate are as follows: 

(1) If the plasma phosphorus concentration rises linearly from 0-03 to 0-13 mg/ml. over the 
3 hr of the experiment, then the phosphorus filtered at the glomerulus will be 0-03 x 145 mg/min 
initially, rising to 0-13 x 145 mg/min at the end of the infusion (line A, Fig. 2), 


26 
24 


(mg P/min) 


nfusion 


o 


Rate of phosphate i 


40 60 80 100 120 140 160 180 
: Time (min) 


Fig. 2. Graphic calculation of phosphate infusion in subject F.C. Line A, change in rate of 
infusion to raise plasma phosphorus concentration from 3-0 to 13-0 mg/100 ml., when GFR is 
145 ml./min, and no other factors are considered. Line B, change in rate of infusion when 
Tmp of 3-5 mg/min is considered. Line C, change in rate of infusion when phosphorus ‘space’ 
of 17 1, requires to be filled at increasing plasma phosphorus concentrations in addition to 
Tmy and GFR changes. 1 


(2) If the Tmp is 3:5 mg/min the rate of phosphate excretion by the kidney will be decreased 
by this amount (line B, Fig. 2). 

(3) The infusion is also required to raise the phosphate concentration of the phosphate ‘ space’ 
as well as to compensate for the kidney loss. The total increase in concentration required is 
0-1 mg/ml. over 180 min, i.e. 0-556 mg/l. per min. With an estimated phosphate space of 17 |. 
the required infusion rate is 17 x 0-556, i.e. 9-5 mg/min. Addition of this constant infusion rate 
to line B, Fig. 2, gives line C, the total phosphate infusion rate required, 


The equation for this line is 
R=FKt+Fc+SK -Tm, 


where R =rate of phosphate infusion (mg/min); F =GFR (ml./min); 8 = phosphate ‘space’ (ml.); 
K =rate of rise of plasma phosphorus concentration (mg/ml. min); ¢ =time oes o=plasma 
phosphorus concentration at zero time (mg/ml.) and Tm =Tm, (mg/min). 
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It is convenient to convert the rates obtained from the graph (Fig. 2) into amounts of phosphate 
solution to be given from the burette. This may be done by determining the mean rate, i.e. the 
rate at the mid-point of each 10 min period and calculating the amount of phosphorus in mg/min 
to be given in each 10 min period, The total amount of phosphate solution to be given in any 
period in mg/min is converted to the amount of 1% phosphorus solution to be given in ml. as in 
Table 1. To obtain the burette reading for each minute these 10 min values are added together 
and the cumulative total plotted against time in the form ofa graph. From this graph the burette 


corded on a table showing the burette reading at each minute interval. This enabled an accurate 
flow to be maintained. 


TaBiEe 1. Calculation of burette values from rate graph 


- The mean rate—i.e. that at the mid-point of each 10 min period—is determined from the rate 
graph (Fig. 2) and from it the cumulative amount of 1% phosphorus solution to be given in each 
10 min period can be determined and the total amount of phosphorus solution required. 


Mean Amount of P Total amount 
rate of infused by Totalamount 1% P solution 
Time P infusion — 10 min P given infused 
(min) (mg/min) (mg) (mg) (ml.) 
0-10 10-7 107 107 10-7 
10-20 11-5 115 222 22-2 
20-30 12:3 123 345 
and so on 
170-180 24-6 246 3157 315-7 
320 - 
300 
280 
260 + 
240 
220 
0} 
2 180 
160 
S 
120 
400 
60 
40 
20 + 
0 


20 40 60 80 100 120 140 160 180 
Time (min) 


Fig. 3. Graph of burette reading against time. The readings for the delivery of the 1 % phos- 
phorus solution can be read off the graph, if the scale is large, for each minute of the infusion. 
Graph plotted from the values given in Table 1. 
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The total amount of phosphate solution to be given as calculated from the graphic procedure 
was 315-7 ml. of 1% phosphorus solution. 
Alternatively, the equation of line C may be integrated as follows: 


| ‘R.dt=4PKP +Fot+SKt-Tmt=P, 


where P is the total amount of phosphate (in mg) to be infused by time ¢. The value obtained for 
the total amount to be infused by substituting the above values in this equation for subject F.C. 
was 316-4 ml. In practice the result of the graphic procedure was accepted and the other value 
was used as a check on calculation. | 

Calculation of inulin infusion rate. A constant plasma inulin concentration of about 40 mg/ 
100 ml. was aimed at. The priming dose given was that calculated to raise the concentration in 


the extracellular fluid, assumed to be 20% of body weight, to this value. The maintenance dose 


was, of course, constant, and was calculated from the expected GFR (above). 

Procedure. The apparatus used for the infusion consisted of two 100 ml. burettes, two standard 
transfusion sets, Luer lock syringes, needles and one 3-way tap. All apparatus was sterilized by 
autoclaving at 120° C for 20 min. 

All subjects were heaithy male students. They were fasted overnight, had no breakfast and were 
kept in bed, All infusions were given at the same times and in the morning. An hour before the 
infusions began the subject drank a priming dose of 13 ml./kg body weight of water and maintained 
a diuresis by drinking about 150-200 ml. of water every 20 min during the infusion. At-urine flow 
rates of 8-12 ml./min it was found that bladder emptying with suprapubic pressure was good and 
catheterization was not necessary. 

The two 100 ml. burettes, one for the phosphate solution and one for the inulin solution, were 
clamped to a tall stand and connected by means of the tubing from the transfusion sets to the 
same 3-way Luer lock tap which carried the intravenous needle. The dropping chambers were left 
connected to the tubing and rates of flow were controlled with large screw clamps. It was important 
to keep the fluid levels of the two burettes equal to prevent one flowing into the other. 

The hour before the beginning of the inulin infusion was used for determining basal phosphate 
clearances for comparison with the clearances also determing during the inulin infusion. The 
priming dose of inulin was given 2 hr before the phosphate infusion. This was at once followed by 
infusion of a 2% inulin solution at the required constant rate. The first hour of this period served 
as an equilibrium period for the inulin. During the next hour two 30 min inulin clearances were 
determined for comparison with the later clearances during the phosphate infusion. The phosphate 
infusion from the second burette was then started by altering the 3-way tap and was continued 
at the required steadily increasing rate for the next 3 hr, the constant rate of inulin infusion being 
also maintained. Infusion rates were checked continually throughout, accuracy of delivery being 
thus obtained. 

The working details are summarized in Table 2, where the data of the infusion on subject 1, 
F.C., are given. The blood was collected in heparinized tubes and the plasma separated without 
delay. Plasma and urine were analysed for inorganic phosphate using the method of Fiske & 
SubbaRow (1925), and for inulin using the method of Hagashi & Peters (1950). Plasma calcium 
was determined by the method of Clark & Collip (1925). All samples were analysed for phosphate 
and inulin, those before 7 a.m. serving as blanks for the determination. 


RESULTS 


Figures for the analyses of individual samples are not shown, except in Table 2, 
which gives the data obtained on subject 1, F.C. No significant differences 
were found for the basal phosphate clearances before and during the inulin 
infusion, although they vary widely, nor for the inulin clearances before and 
after the phosphate infusion. 
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TaBie 2. Results of inulin and phosphate infusion in subject F.C. 


(Height 178 cm, weight 84-5 kg, surface area 2-1 m*.) This table shows the procedure adopted 
about blood and urine collections, as well as the results of estimations carried out on these samples. 


Plasma Urine Plasma 
P Urine P_ inulin’ calcium 
mg mg vo (mg/ (mg/ (mg/ 
Time 100 ml.) 100ml.) (ml.) 100 ml.) 100 tal.) 100 mal.) 
06.00 Empty bladder, reject — — inks 
urine. Start drinking 


water 
06.30 Blood taken 3-0 10-6 
07.00 Empty bladder. Priming — — 430 4-1 — 

dose of inulin and in- 

ulin infusion started 
08.00 Empty bladder — — 800 1-9 525 — 
08.15 Blood taken 2-95 45-0 10-6 
08.30 Empty bladder — — 420 1-0 425 — 
08.45 Blood taken 2-90 44-0 — — — 
09.00 Empty bladder. Phos- — 0 1-08 661 oa 

phate infusion started 
09.15 Blood taken 4-9 41-25 10-6 
09.30 Empty bladder — — 415 1-72 362 — 
09.45 Blood taken 6-4 41-0 — — 10-4 
10.00 Empty bladder — — 475 17-2 345 _— 
10.15 Blood taken 7:6 41-0 10-4 
10.30 Empty bladder — — 310 45-5 461 — 
10.45 Blood taken 9-4 41-0 10-2 
11.00 Empty bladder — — 230 87-5 630 _ 
11.15 Blood taken 11-0 41-0 10-3 
11.30 Empty bladder — -— 305 90-0 525 — 
11.45 Blood taken 13-4 40-0 10-0 
12.00 Empty bladder and dis- - — — 440 86-0 318 — 

continue infusion 


The plasma phosphate rise in the six healthy subjects is shown in Fig. 4. 
It will be noted that a rise which was approximately linear with time was 
achieved. It may be significant that subject 3, whose plasma P concentrations 
were less satisfactory, was later discovered to be still feeling the effects of a 
reunion dinner the night before. The plasma and urine data are plotted in 
Fig. 5. It was necessary to displace individual results to the right to avoid 
overlapping. In all cases once the plasma P concentration was above the 
maximum threshold it was possible to draw a straight line through the points. 


_ The slope of this line should measure the glomerular filtration rate if phosphate 


excretion mechanisms are similar to those postulated for glucose (Govaerts, 
1950). Extrapolation of the line should also cut the abscissa at the mean 
threshold for phosphorus. The mean threshold and the glomerular filtration 
rate calculated from both phosphate and inulin methods are shown in Table 3. 
Tm data are also included. 

Plasma calcium determinations were done on all samples in subject 1, and 
on the first and last samples in all the other subjects. The concentration in the 


same subject did not vary by more than 0-6 mg/100 ml., which is within the 
18  PHYSIO. CXXX 
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range of normal diurnal variation (Dent & Philpot, 1954—unpublished 
observations). 


14 


12 


10 


Plasma inorganic phosphorus (mg/100 mi.) 


i i i l 
—60 -30 0 30 60 90 120 150 180 
Minutes 
Fig. 4. Plasma phosphorus rise during infusions in normal subjects. Approximately linear rise 
of plasma phosphorus concentration during the course of the infusion in six normal subjects. 


| DISCUSSION 

It will be seen that it has been possible here to raise the plasma phosphorus 
concentration in a linear manner by this technique of infusion. Thus it can be 
assumed that the mid-point plasma sample will represent a true average con- 
centration during the clearance period. When determining clearance periods 
on rapidly falling concentrations as some previous workers have done, it is not 
possible to assume that their mid-point plasma represented the average plasma 
concentration during the period, for the plasma phosphorus then falls in an 
approximately exponential rather than in a linear manner. Moreover, with a 
more rapid fall, errors arise on account of the dead space in the kidney and 
renal tract. 

The present work on man supports that of Pitts & Alexander (1944) on dogs, 
which suggested that there is a Tm for phosphate which can be measured. This 
is a rather unusual situation with an inorganic ion but may be easier to under- 
stand when it is recalled that Pitts & Alexander (1945) have evidence in favour 
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2 4 6 8 10 12 
Plasma inorganic phosphorus (mg/100 mi.) 


‘Fig. 5. Infusion results in six normal subjects. Individual results displaced to the right because 


of overlapping. It is possible to draw a straight line through the points determined by the 
phosphate clearances and determine the GFR from the slope of this line. The mean phosphate 
threshold is the point at which this line cuts the abscissa. 


TaBLE 3. Results of phosphate infusions in six normal subjects 


This shows the mean phosphorus threshold, the GFR as determined by inulin and phosphate 
clearances, and the Tmp. 


Subject 
1. F.C. 
2. B.B. 
3. R.A, 
4. A.P, 
5. 
6. D.L, 
Average 


phosphorus GFR (ml./min) 
threshold - A 
ml.) Inulin s.p. PO, 8.D. 


4-2 124 3-0 
4:3 123 38 
4-7 118 45 
4-3 112 3-2 
4:3 lll 28 
4-0 107 3-4 


METHOD FOR Tm, DETERMINATION = 4 
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10-0 

80 

6-0 3 

40 | q 

= 4 

a 

q 
Tmp 
(mg/min) Tmp/1-73m? 
5-5 4-1 

117 3-0 5-0 4-6 4 
117 3-4 5:5 5:1 
108 2-6 4:4 4:3 

106 2-1 4-5 4-0 

| 112 23 4-5 4+] 4 

| 4:3 117 114 4-9 4+5 4 
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of a common pathway of reabsorption for glucose and phosphate in the renal 
tubule. The results of Ollayos & Winkler (1943), who hold a contrary view, 
have been reconsidered. If one ignores their rather improbable filtration rates 


(from creatinine clearances) and calculates them by the phosphate method | 


used here, the results for the mean threshold for phosphorus in three of the 
four normal subjects are similar to those reported in this paper, being 4-7, 
4-0 and 4-1 mg/100 ml. The data for the fourth subject are insufficiently 
complete to allow of such calculation. 

The basal clearances determined before the phosphate infusion began have 
shown that the clearance was very variable when plasma P concentrations 
were near the threshold. This has also been observed by other workers (Dean 
& McCance, 1945; Richmond, Kravitz, Segar & Waisman, 1951) and is the 
reason for attempting here to measure Tmp as being better for eventual com- 
parison with disorders of phosphate excretion. The results at normal plasma P 
concentrations suggest that there is a variability in the capacity of individual 
tubules to absorb phosphate and that measurement of basal clearances at these 
concentrations tells little about the real capacity of the kidney tubule to handle 
phosphate. Measurements of the minimum and maximum thresholds for 
phosphate would, however, shed light on the range of the tubule reabsorptive 
capacity in normal and diseased organs. _ 

The constancy of our Tmp data at various plasma P concentrations does not 
suggest any formation of colloidal calcium phosphate complex. Lambert et al. 
(1947) have found that at concentrations of 12-16 mg/100 ml. the Tm for 
phosphate appeared to increase. They suggested that this was due to the 
formation of colloidal calcium phosphate which was not filterable at the 
glomerulus. Such high concentrations were therefore avoided in this work. 

It might be expected that the infusion of large amounts of phosphate over 
a short period of time could act as an assault on the homeostatic mechanism of 
the body. The results do not suggest that in the 3 hr infusion period there is 
any marked degree of alteration of the renal threshold or of Tm such as one 
might expect if, for instance, there were a marked change in the activity of the 


parathyroid. The insignificant changes in plasma calcium concentration during — 


the infusion also support this. 

The glomerular filtration rate as. determined by infusion agreed 
well with that determined from the inulin clearance. This agreement must be 
_ partly due to the fact that the same samples were used for phosphorus and 
inulin determinations, so that some of the errors of collection would cancel out. 
Each phosphate Tm and clearance determination represented the mean of six 
readings, the inulin clearances the mean of eight. It may be significant that 
the standard deviation was less for the GFR determination by phosphate than 
by the inulin method, presumably because phosphate is more easily and 
accurately determined. Thus it is not essential when measuring the Tm fer 
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phosphorus to determine the glomerular filtration rate by other means. This 
will greatly simplify the procedure. It is probably necessary, although trouble- 
some, to deliver the infusion fluids from large burettes, with the rate of flow 
checked. 


SUMMARY 


1. A phosphate infusion method is described which enables otal 
clearances to be determined in man over a wide range of plasma P concentration. 

2. The kidney excretes phosphate as if a definite Tm existed. 

3. From the phosphate determinations both phosphate Tm and GFR could 
be calculated. The GFR thus obtained agreed well with the simultaneously 
determined inulin clearance. 


I wish to thank Dr C. E. Dent for his advice and encouragement and the six University 
students who volunteered. Sister Buck, the other nurses of the Metabolic Ward, Mr C. D. 
Ousworth and Miss J. McAllister also helped. Dr M. D. Milne gave advice on inulin clearance. 


REFERENCES | 


Crarx, E. P. & Cour, J. B. (1925). A study of the Tisdall method for the determination of blood 
serum calcium with a suggested modification. J. biol. Chem. 63, 461-464. 

Dean, R. F. A. & a R. A. (1945). Phosphate clearances in infants and adults. 

Physiol. 107, 182-186 

Fisxz, C. H. & SussaRow, y. (1925). The colorimetric determination of phosphorus. J. biol. 
Chem. 66, 375-400. 

Govarrts, P. (1950). Interprétation Py hysiologique des relations mathématiques existant entre 
le taux du glucose sanguin et le débit urinaire de cette substance. Acta clin. belg. 5, 1-13. 

Hacasni, A. & Permrs, L. (1950). A rapid colorimetric method for the determination of inulin 
in plasma and urine. J. Lab. clin. Med. 35, 475-482. 

Lampert, P., van Kessut, E. & Puat, C. L. (1947). Etude sur I’élimination des phosphates 
inorganiques chez ’homme. Acta med. acand. 128, 386-410. 

Ottayos, R. W, & Winkie, A. W. (1943). Urinary excretion and serum concentration of 
inorganic phosphate in man. J. clin. Invest. 22, 147-154. 

Prrrs, R. F. & Anexanper, R. S. (1944). The renal reabsorptive mechanism for inorganic 
phosphate in normal and acidotic dogs. Amer. J. Physiol. 142, 648-662. 

Prrrs, R. F. & Atexanper, R. S. (1945). 
the urine. Amer. J. Physiol. 144, 239-254 

Ricumonp, J. B., Kravitz, H., Szaar, W. & Waisman, H. A. (1951). ae er of 
endogenous phosphate i in infants and children. Proc. Soc. exp. Biol., N.Y., 7. 


nal 
W, 4 
tes 
od 
tly 4 
ive 
an q 
m- 
P 
al 4 
4 
ile 4 
or 4 
ve 
ot a 
al. 
or 
he 
he 
er 
of 
> A 
18 
ne 
ne 
d 
ag 
id 
t 
1x 
t 
d 4 
a 


278 
J. Physiol. (1955) 130, 278-290 


THE METABOLISM OF AMINO ACIDS BY — 
THE SMALL INTESTINE 


By B. C. WHALER* 
From the Department of Physiology, The University of Sheffield 


(Received 18 March 1955) 


The metabolism of amino acids by the small intestine has not yet been widely 
investigated. Wiseman (1953) has shown that some L-amino acids, but not the 
corresponding unnatural enantiomorphs, can be transferred against a con- 
centration gradient from the mucosal to the serosal side of an im vitro pre- 
paration. Using sacs of everted small intestine Wilson & Wiseman (1954) have 
shown that these preparations are able to concentrate glucose and L-methionine 
on to the serosal side. Evidence for the formation of alanine from glutamic 
acid has been obtained both in vivo (Dent & Schilling, 1949) and in vitro 
(Matthews & Wiseman, 1953). Other studies on the metabolism of the small 
intestine have been primarily concerned with glucose (Dickens & Weil- 
Malherbe, 1941; Fisher & Parsons, 1949; Darlington & Quastel, 1953; Hestrin- 
Lerner & Shapiro, 1954). 

The results to be presented in this paper show that the isolated rat small 
intestine and intestinal mucosa from rats and cats are able to metabolize 
certain N-acetyl amino acids. In addition, the production of «-oxo acids from 
amino acids, as well as the reverse process of amino acid synthesis, has been 
demonstrated. | 

METHODS 


Materials, Commercial samples (L. Light and Co. Ltd) of racemic amino acids were used with- ) 


out further purification. **8-labelled methionine was obtained from the Radio-Chemical Centre, 
Amersham. The amino acid contained some radioactive impurity but no attempt was made to 
remove this before preparing the «-oxo acid. Other radioactive amino acids were prepared as 
indicated below. 

Preparation of radioactive amino acids. Four amino acids (alanine, valine, leucine and glutamic 
acid) labelled in the carboxyl group with “C were synthesized from K™“CN essentially as described 
by Loftfield (1947). Labelled potassium cyanide was prepared on a 1-2 m-mole scale using 100 uc 
Ba“CO,. From this, free HCN was collected by acidification of the salt with H,SO, in an evacuated 
transfer unit (Kornberg, Davies & Wood, 1952), the receiver being cooled in liquid air to ensure 
complete transfer. To this was added 1 ml. of concentrated ammonia and the stoppered tube 


* Present address: Microbiological Research Department, Porton, Wilts. 


eo yw 


SERSESRP 


ese 


= 
0-1 
It 
4 
> 
ig 
a 
im 
4 


a 


& 


AMINO ACID METABOLISM 279 


allowed to warm up to room temperature, 0-5 ml. of redistilled acetaldehyde, isobutyraldehyde, 
isovaleraldehyde or succinic semi-aldehyde was added, and the mixture treated as described by 
Loftfield (1947). After removal of ammonia by boiling with NaOH a small amount (approx. 

0-1-0-3 g) of unlabelled amino acid was added, the solution filtered and diluted to about 300 ml. 
It was then passed through an ion-exchange column of Zeo-Carb 215 (Partridge & Westall, 1949) 
and the amino acid finally displaced with ammonia. The eluate was decolorized by boiling with a 
small portion of charcoal, filtered and evaporated to dryness. With the exception of leucine, which 
gave a clean solid when treated in this way, the amino acids were redissolved in hot water, filtered 
and precipitated with alcohol. The precipitate was washed with alcohol and ether. 

The yield of amino acid, based on the radioactivity of the Ba“CO, and on measurements of the 
final product was 40-43%, except for glutamic acid which gave only a 12% yield. No attempt 
was made to improve the yield of any of the amino acids by varying the quantities and conditions 
used in the syntheses. Trial runs on the KCN synthesis-using unlabelled BaCO, gave yields of 
50-75%, which were much lower than those quoted by Loftfield. A relatively low incorporation 
of “C into the cyanide molecule at this stage is probably responsible for the low yields of radio- 
activity in the amino acids, since, using unlabelled KCN, yields of 56-82% were obtained in the 
case of alanine, leucine and valine during test syntheses. 

Preparation of «-oxo acids. *§-labelled «-oxo-y-methy] pto butyric acid was prepared 
from radioactive methionine by treatment of 10 mg of racemic material with D-amino acid oxidase 
prepared from pig kidney (Bender & Krebs, 1950), Concentrated kidney extract (equal volumes of 
powder and pyrophosphate buffer, pH 8-4, extracted for 5 min and the residue centrifuged off) 
was pipetted into a Warburg manometer cup containing the methionine and incubated in O, at 
39° C until there was no further gas uptake. Other cups containing a total of 100 mg of unlabelled 


methionine were similarly treated. The combined solutions were deproteinized by adding approx. 


0-2 vol. of 20% (w/v) metaphosphoric acid. The precipitate was centrifuged off and the super- 
natant liquid extracted continuously with ether until all of the «-oxo acid had been removed. The 
ether was then evaporated and the residue dissolved in 2 ml. of water. The «-oxo acid was 
neutralized with alcoholic soda using brom-thymol blue as internal indicator. During this stage 
an oil tended to form, and subsequent precipitation with alcohol produced a rather dirty solid. 
Because only a small amount of this labelled material was available, no attempt was made to 
purify the salt. «-Oxo-isocaproic acid was prepared from racemic leucine using D-amino acid 
oxidase. The Warburg cups each contained 40 mg of the amino acid. After incubation, the contents 
of twenty-four cups were pooled, deproteinized and extracted with ether. At the suggestion of 
Mr D. Williamson (personal communication) approx. 10% (w/v) NaHCO, was used for neutralizing 
the «-oxo acid, thus preventing the formation of an oil. The neutral solution was evaporated to 
dryness in vacuo and the residue dissolved by warming with a small volume of distilled water. The 
sodium salt was obtained from this solution by precipitation with alcohol, the crystals filtered and 
washed with alcohol and ether. 

Pyruvic acid and «-oxo-isovaleric acids were prepared chemically (Vogel, 1954; Ramage & 
Simonsen, 1935), and the sodium salts obtained by neutralization of these acids with bicarbonate. 
These salts, and that of «-oxo-isocaproic acid, were 99-100% pure as determined by the per- 
manganate oxidation method of Long (1942). In addition, those prepared from amino acids gave 
no ninhydrin reaction. 

Acetyl amino acids. These were prepared by the method described by du Vigneaud & Meyer 
(1932), and the melting-points agreed with those given by Birnbaum, Levintow, Kingsley & 
Greenstein (1952), All were free from ninhydrin-reacting material and gave only single spots after 
chromatographic development and spraying with brom-cresol green indicator (Katz, Liebermann 
& Barker, 1953). 

Chromatography. Amino acids were separated by descending chromatography on Whatman 
No. 1 or No, 4 paper using butanol-acetic acid—water solvent at 21-22°C. After drying, the 
chromatograms were sprayed with 0-1% ninhydrin in butanol and the colour allowed to develop 


room temperature. 
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2-4-Dinitrophenylhydrazine derivatives were separated in butanol-ethanol-ammonia solvent 
(El Hawary & Thompson, 1953), using ascending chromatography, and, after drying, the spots 
were identified in ultraviolet light. 

Ionophoretic separations. The method described by Neish (1953) was used. Separations were 
carried out at 0-3-2-0 mA at 300 V or 16-25 mA at 500-600 V on strips of Ford 428 Mill paper 
wetted with 0-05 m-Na,CO,. Solutions from the intestine apparatus were deproteinized by the 
addition of 0-1 vol. 20% (w/v) metaphosphoric acid and filtered. To the filtrate (15-25 ml.) was 
added 1 ml. of a saturated solution of 2-4-dinitrophenylhydrazine in 2n-HCl, After standing for 


at least 30 min the solution was extracted with three 10-15 ml. portions of ether. The combined 


ether solutions were extracted with 5 ml. of 10% (w/v) anhydrous Na,CO,: and the lower layer 
extracted once with 15 ml. ether to remove unreacted 2-4-di ylhy ine. The sodium 
carbonate layer was separated, excess concentrated HCl added and the solution extracted with 
15 ml. ether. The ethereal layer was removed, washed with 10 ml. water and the ether evaporated. 
The residue was taken up in a few drops of alcohol and small samples applied to the buffered paper. 

Estimations. Amino acids were estimated using the methods described by Gibson & Wiseman 
(1951). Acetyl methionine was separated on silica gel columns as described by Gordon, Martin & 
Synge (1943), and estimated by titration with baryta. Total «-oxo acids in test solutions were 
estimated colorimetrically by the direct method of Friedemann & Haugen (1943) using an Ilford 
Spectrum blue (602) colour filter, and concentrations are expressed as mg sodium pyruvate/100 ml. 
solution. In the case of solutions containing pyruvate and another «-oxo acid, some error is 
introduced by the differences in light absorption. Sodium pyruvate estimated in this way has a 


greater light absorption per unit concentration than the «-oxo acids of glutamic acid, leucine and 


valine, and the concentrations of «-oxo acids given are therefore minimal values. 

Radioactivity measurements. Ba*CO, obtained from respiratory CO, or from ninhydrin decarboxy- 
lation of amino acid, was washed by centrifugation, three times with CO,-free distilled water and 
once with acetone. Finally the precipitate was suspended in acetone and poured on to a tarred 
aluminium counting plate of standard diameter and allowed to dry. It was then reweighed to 
determine the quantity of Ba“CO,. The plate was counted under standard conditions (background 
radiation 10-13 counts per min) to an accuracy of +2%. All counts were corrected for back- 
ground radiation and the dead time of the counter, and determined as counts per min at mfeefinite 
thickness. Comparisons and calculations were made from such counts. 

Tissue preparations. Rats and cats were used as sources of intestinal mucosa. Each animal 
was anaesthetized with pentobarbitone sodium (Nembutal, Abbott Laboratories Ltd), the 
abdomen opened and the small intestine cannulated at the jejunal end. It was then washed out 
with cold Krebs phosphate saline gassed with oxygen (Umbreit, Burris & Stauffer, 1949). The 
intestine was stripped from the mesentery, quickly rinsed free of blood and put into a dish of cold 
saline. 10-15 cm lengths were cut open, the mucosa scraped off and suspended in cold phosphate 
saline containing 0-1% glucose to give 15-40 mg/ml. dry weight of tissue. Acetyl amino acids 
were made up in fhe Krebs phosphate saline with 0-1 % glucose and the pH readjusted to 7-4. 2 ml. 
of the mucosal suspension and a similar volume of saline with or without acetyl amino acid 
substrate were pipetted into Warburg manometer cups of approx. 25 ml. capacity. The centre well 
contained NaOH for absorption of CO,, and after attachment to the manometers the system was 
gassed with oxygen and incubated at 39° C with continual shaking. 

In other experiments rat small intestine was used without removal of the mucosa. The method 
was similar to that described by Wiseman (1953) except that a modified apparatus (Smyth & 
Whaler, 1953) was used, and during the setting up of the preparation the intestine was rinsed and 
continually bathed in ice-cold phosphate saline. In this type of in vitro preparation three 15-17 cm 
lengths of rat small intestine are attached to part of the apparatus in such a way that a continual 
circulation of saline through the lumen of each loop is maintained, using a small reservoir and an 
oxygen lift. This part of the apparatus fits into a vessel of small volume containing more oxygenated 
saline which bathes the serosal surfaces of the intestine. Thus both the mucosal and serosal surfaces 
are bathed in oxygenated Krebs saline, The whole apparatus is placed in a water-bath at 37-39° C. 
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Substrates were neutralized before being added to the phosphate saline used in the apparatus. 
Glucose (0-4%) was present in all experiments in both mucosal and serosal fluids. Respiratory 
CO, was collected in approx. 0-3n-Ba(OH),, and the amount of CO, produced estimated by back- 
titration of the excess alkali using standard HCl with thymol @Me as internal indicator. 


RESULTS 


Deamination of amino acids by the in vitro small intestine preparation. The 


presence of a-oxo acids in the fluids bathing both surfaces of the intestine was 
regularly noted at the end of experiments. The mucosal and serosal fluids were 
treated as described earlier, and the 2-4-dinitrophenylhydrazones separated 
by ionophoresis. Further samples were run in butanol-ammonia solvent on 
Whatman No. 1 filter-paper. Before deproteinization filtered samples (3 ml.) 
of the two solutions were examined for total «-oxo acid by the direct method of 
Friedemann & Haugen (1943). 


TaBLE 1. Production of «-oxo acids in vitro by rat small intestine 


Amino acid used 

Glutamic 

Alanine Valine Methionine Leucine aci 

Pyruvate 
a-Oxo-isovaleric acid + + ~ - 
a-Oxo-isocaproic acid - - + + 
a-Oxo-glutarate + + ~ + - + + + 
a-Oxo-y-methyl pto butyric - - - - + + ~ 
acid 

Oxaloacetate ? ? ~ ? = - ? ? ? ? 
Total final «-oxo acid (mg) 0-05 0-33 0-15 0-32 0-25 0-84 0:10 0-34 0-10 0-47 
Final concn. «-oxo acid (mg/100mj)0-3 13 06 13 40 058 14 O4 19 

Duration of expt. (min) 82 77 120 76 90 


a-Oxo acid after 75 min when no amino acid present 0-24 


a-Oxo acid was determined using standard curve (see Methods section) for sodium pyruvate. 
M=mucosal fluid. S=serosal fluid. + —substance shown to be present after electrophoretic 
separation, — =substance not seen after electrophoretic separation. ? =trace of material present 
but not certainly identified. 


The results for five experiments, each one with a different amino acid, are 
given in Table 1. Other experiments gave similar results. With the exception 
of methionine, amino acid was initially present in the mucosal fluid only, at 
concentrations of 10-25 mm. The results for methionine are taken from an 
experiment in which the serosal concentration of L-isomer was 14 ma and the 
mucosal 2 mm; these concentrations altered little during the course of the 
experiment. When alanine, leucine or valine were used, the final concentration 
of L-amino acid in the serosal fluid was equal to, or greater than, in the 
mucosal fluid, which fell progressively during the experimental period. 
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Glutamic acid disappeared from the mucosal fluid, but the disappearance was 


not paralleled by a similar increase in the serosal fluid. 


Although «-oxo acids could not be detected within 2-3 min after setting 
up the preparation, pyruvate was always present in the final mucosal and 
serosal solutions. Frequently this was accompanied by «-oxo glutarate and 
occasionally by traces of a compound running in the oxaloacetate position. 


-. In addition, the «-oxo acid derived from the amino acid under investigation 


was present. 
Tasxe 2. Diffusion ‘usion and metabolism of two a-oxo acids 
Concentration of «-oxo acid 
(mg/100 ml.) 
Sample time ;- A 
Expt. a-Oxo acid used Temperature (min) Mucosal fluid Serosal fluid 
1 ‘Pyruvate 37° 3 71 0-5 
40 59 1-2 
75 50 1-5 
120 40 2-0. 
Total disappearance in 120 min =7-:7 mg =36% original. 
2 vate 7-9-5° - 2 70 0-2 
diss 53 68 0-2 
93 67 1-4 
143 64 2-1 
Total pyruvate disappearance in 188 min =1-1 mg =5% original. 
a-Oxo-y-methyl- 37° 0 170 0 
= butyric 140 130 25 


Total «-oxo-y-methyl-mercapto butyrate disappearance in 140 min =2-8 =8% original. «-oxo 
acid determined using a standard sodium pyruvate curve. 


In all these experiments pyruvate was produced, but the preparation can also 
metabolize this substance (Table 2). Even in the presence of glucose added 
sodium pyruvate disappears from the mucosal fluid without any similar in- 
crease in the serosal fluid. Reduction of the temperature reduces the amount 
of pyruvate which disappears. By contrast, «-oxo-y-methyl-mercapto 
butyrate does not disappear so completely, much of the substance leaving the 
mucosal fluid being recovered on the serosal side of the intestine. In all these 
experiments the tissue itself accounts for approx. 5% of the total volume, and 
it is probable that the losses in Expts. 2 and 3 (Table 2) mainly represent 
material in the tissue itself. 

Utilization of amino acids. The foregoing section has shown that deamination 
of amino acids can take place in the in vitro intestine preparation. That further 
degradation could take place was shown by experiments in which “O-carboxyl 
labelled amino acids were added to the mucosal or serosal fluids and the 
respiratory radioactive CO, collected. The results of these experiments are 
given in Table 3. The figures for decarboxylation of an. amino acid, or more 
probably a metabolite derived from it, are calculated from the specific activity 
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nnd amount of the respiratory CO, collected, and the specific activity of CO, 
obtained by ninhydrin decarboxylation of a sample of the amino acid. 

The essential amino acids leucine and valine were only metabolized to a 
small degree, very much less than was the case with alanine and glutamic 
acid. When presented to the serosal surfaces, amino acids were much less 
readily utilized than when present in the fluid bathing the mucosal surfaces. 
This may be because the mucosa is the site at which these metabolic changes 
occur. There is some support for this conclusion in the fact that when radio- 
active amino acid is present initially in the serosal fluid some diffusion of 
labelled amino acid into the lumen takes place and the low utilization under 
these conditions may be due to the fact that the mucosa has only small amounts 
of labelled material available for metabolism. 


TaBLeE 3. Decarboxylation of amino acids 


All experiments were carried out at 37-39° in phosphate saline with 0-4% glucose. In those 
marked ‘M’ the amino acid was present initially only in the fluid bathing the mucosa, although 
at theend of theexperiment the concentration on the serosal side was equal to, or greater than, that 
of the mucosal fluid (glutamic acid excepted). In those marked ‘S’, amino acid was added to both 
sides of the preparation with approx. six times more on the serosal side than on the mucosal side, 


% of initial 

Initial total* Decarboxylated t-amino acid Duration of 

Amino acid (umole L-) (umole) decarboxylated expt. (min) 
Alanine (M) 264 40 15-2 82 

Alanine (8) 1620 16 1-0 

e(S) 1855 27 1-4 112 
Glutamic acid (M) 265 64 24-1 87 
Leucine (M) 135 5 3-7 71 
Leucine (8) 990 11 1-1 120 
Valine (M) 348 1-7 0-5 73 


” Assuming the amino acid was a 50/50 mixture of the two isomers. 


Synthesis of amino acid by intestinal tissue. Paper chromatography of the 
mucosal and serosal fluids at the end of experiments using glutamic acid, 


leucine, valine and methionine consistently showed a pronounced amino acid — 


spot with an R, equivalent to alanine. In the case of glutamic acid, which has 
been studied in some detail by Matthews & Wiseman (1953), these authors 
have concluded that the amino acid is in fact alanine. Using alanine, leucine, 
valine and methionine, traces of an amino acid spot in the glutamic acid 
position have been observed. In addition, there were usually small amounts of 
ninhydrin-reacting material which ran in butanol-acetic acid solvent more 
slowly than did glutamic acid. | 
The appearance of alanine suggested that some synthesis of this amino 
acid had occurred. It seemed unlikely that alanine and the more slowly 
moving amino acids were derived from tissue protein since no other amino 
acids (leucine, phenylalanine, etc.) running more rapidly than alanine have 
been observed, unless one of these was added at the start of an experiment. 
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The ability of the isolated intestine preparation to synthesize amino acid 


has been tested using phosphate saline containing added glucose, «-oxo acid 
and ammonia. | 

Using the sodium salts of «-oxo-isovaleric and «-oxo-tsocaproic acids at 
approx. 0-1m concentration with 0-02-0-04m-(NH,),CO, in the intestinal pre- 
paration, the corresponding amino acid was synthesized as shown by the 
appearance of a valine or a leucine spot on the chromatogram. In all experi- 
ments the amino acid was concentrated on the serosal side of the preparation. 
With sodium pyruvate there was an apparent increase in the alanine spot but, 
since alanine normally appears, it was not possible to say with certainty that 
the amount of amino acid was greatly increased. Control experiments showed 
that synthesis of amino acid did not take place when the «-oxo acid, ammonia 
and phosphate saline were incubated in the absence of tissue. 

More certainly to identify the valine and leucine which were sinaiolend. 
further procedures were carried out. The fluid bathing the serosal side of the 
preparation was evaporated to dryness in vacuo at 30-35° C and the residue dis- 
solved in the minimum volume of hot water. Ethanol was added to 90% final 
concentration and the precipitated salts removed by centrifugation. The 
supernatant solution was concentrated on one or two sheets of Whatman No. 4 
filter-paper (57 x 47 cm), being applied in a thin streak about 5 cm from the 
top of the paper. The sheets were developed in butanol—acetic acid solvent and 
then dried in air. After heating the sheets at 70-80° C (Woiwod, 1949) the 
areas containing the desired amino acid were identified in ultraviolet light. 
These were cut out, the amino acid eluted with water and finally concentrated 
to small volume. This procedure separated the required amino acid from others 
and from the corresponding «-oxo acid. After treatment with L-amino acid 


oxidase of Neurospora crassa (Bender & Krebs, 1950) the 2-4-dinitrophenyl- 


hydrazone was prepared and samples separated by ionophoresis. The deriva- 
tives had the same mobility as «-oxo-isocaproic acid and «-oxo-tsobutyric acid 
controls and a mixture of test and control did not separate. 

In a single experiment using *S8-labelled «-oxo-y-methyl-mercapto butyrate 
(specific activity 600 counts/min counted as the 2-4-dinitrophenylhydrazone) 
in the absence of ammonia but with added unlabelled pt-methionine, some 


further evidence for amino acid synthesis was obtained. After incubation, 


samples of the initial and final solutions were treated with 2-4-dinitropheny!- 
hydrazine, extracted thoroughly with ether, and the aqueous layer, which 
contained the amino acid, was neutralized and treated with Neurospora 
crassa. Unlabelled carrier «-oxo acid was then added and the 2-4-dinitro- 
phenylhydrazone prepared and counted. The radioactivity of the initial 
solution was not greater than background (12 counts/min), indicating that the 
radioactive «-oxo acid initially present had all been removed, while the final 
serosal solution had a count of 33/min above background, suggesting that some 
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amination of labelled material had taken place. Only a small count was 
expected because unlabelled «-oxo acid would dilute considerably the activity 
of any methionine synthesized from the added labelled «-oxo acid. 

Deacetylation of acetylated amino acids. The production of free amino acid 

from the racemic N-acetylated compound has been shown to take place using 
the in vitro intestine preparation and also using mucosal scrapings. 

With the former, racemic acetyl derivatives of leucine, methionine and 
alanine were tested separately. Incubations were at 37-39° C in phosphate 
- saline containing 0-4°% glucose. Samples of initial and final solutions, as well 

as controls incubated in the absence of tissue, were put on to filter-paper and 
developed in butanol-acetic acid solvent. Free leucine and methionine were 
produced as shown by the appearance of ninhydrin-reacting spots with the 
same Rp as control amino acids. Some increase in the alanine spot was 
observed when acetyl alanine was used, but the difficulty of studies involving 
this amino acid have been mentioned already. 


TasiE 4. Deacetylation of acetyl methionine 
‘Total acetyl Total amino 
Acetyl methionine methionine  acid* 


Sample (mg/ml.) (»mole) (mole) 
Initial mucosal 0-90 118 0 
Initial serosal 0 0 0 
Final mucosal 0-67 87 30 
Final serosal c. 0-005 c. 05 32 
Alanine and methionine present in the final solutions as demonstrated ch tographically. 


Duration of experiment =120 min. 
* Estimated by L-amino acid oxidase. 


By overspraying the ninhydrin-developed chromatograms with brom-cresol 
green indicator, the acetyl compounds could be identified. Only traces of 
these substances ever appeared on the serosal side of the preparations. Table 4 
gives the results of an experiment using acetyl methionine where this sub- 
stance was separated on silica gel columns and estimated by titration. In this 
experiment there was no gas uptake when samples of the final solutions were 
incubated with p-amino acid oxidase, suggesting that the acetyl D-methionine 
had not been deacetylated. 

A number of experiments using mucosa have been carried out. In such 
cases, neutralized acetyl amino acids were incubated in Warburg cups with 
mucosa from rats or cats. At the end of the period of incubation, the cup 
contents were transferred to centrifuge tubes and heated in a boiling water- 
bath for 5 min. The precipitated protein was centrifuged off and samples of 
the supernatant fluid treated with L-amino acid oxidase. The amino acid 
content of the control cup (no acetyl derivative) was subtracted from that of 
the test cup and the difference taken as a measure of the deacetylation which 
had taken place (Table 5). Paper chromatography of the final solutions showed 
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that the amino acid corresponding to the acetyl compound used was present 


as a strong spot, while in the control cup only a trace of ninhydrin-reacting 
material was present. In both test and control cups some protein breakdown 
took place, as shown by the presence on chromatograms of a number of amino 
acids, all present in small amount. No amino acid was produced when acetyl 


amino acids were incubated in the absence of mucosa. When acetyl trypto- — 


phane was used as substrate no free tryptophane could be demonstrated in 
either control or test solutions. 


TaBuE 5. Deacetylation of acetylated pt-amino acids by intestinal mucosa 
Total amino 
per cup (mole) 

Incuba- A 


Acetyl tion Noadded Acetyl testover Added 


amino time acetyl acid control substrate 
Expt. acid (min) derivative present (mole/cup) (mole) Remarks 

1 Methionine 50 16-8 34:8 18 37 Ratmucosa: approx. 
100 21-6 43-2 21-6 37 37 mg dry wt./cup 

2 Leucine 2 5-1 4-3 98 

30 13-0 17-3 4:3 98 Rat mucosa 

80 19-1 30-2 11-1 98 

120. 25-5 38-8 13-3 

Alanine 0 0 0 120 

30 7-2 12-6 5-4 120 Rat mucosa 

4 Valine 60 12:3 14-3 2-0 174 _ 
125 11-6 18-0 6-4 174 Cat mucosa: approx. 
80 mg dry wt./cup 

Leucine 60 12-3 19-3 7-0 174 — 

125 11-6 21-2 9-6 174 _ 

Methionine 60 12-3 25-2 12-9 140 

125 11-6 30-6 19-0 140 _ 


All incubations in phosphate saline at 39°. 


DISCUSSION 


Krebs (1935) showed that rat ileum contains an L-amino acid deaminase, and 
the presence of «-oxo acids in the solutions taken from the in vitro intestine 
apparatus may be the result of this enzyme acting upon the natural forms of 
added amino acids. Effective deamination might also be expected if trans- 
amination between oxaloacetic, «-oxoglutaric or pyruvic acids and an amino 
acid took place. Such a reaction would lead to the production of aspartic and 
glutamic acids and alanine, and it is found that frequently amino acid spots 
corresponding to these, especially to alanine, do appear. Both in vivo and in 
vitro (Dent & Schilling, 1949; Matthews & Wiseman, 1953) glutamic acid 
disappears from the intestine with corresponding production of some alanine. 
Mucosa of small intestine has a high Qo, (Dickens & Weil-Malherbe, 1941), 
and no difficulty in the supply of transaminating «-oxo acids would be ex- 
pected, since all are known to take part in the general metabolism of respiring 
tissues. 
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Synthesis of alanine im vitro has been shown to take place in liver by Can- 
zanelli, Rapport & Guild (1950), and by Kritzmann (1947) who has, on the 
basis of his results, suggested a possible mechanism for the synthesis. The 
results reported here do not indicate any particular mechanism, although they 
show that some amino acids, including certain of the essential ones, can be 
synthesized by the small intestine when the corresponding «-oxo acid is 
supplied. | 

The «-oxo acids corresponding to leucine, isoleucine and methionine have 
been shown to support growth in rats deficient in these amino acids (Rose, 
1937; Cahill & Rudolph, 1942), and it would seem likely that, in view of the 
valine synthesis which can occur in vitro «-oxo-isobutyric acid would have a 
similar effect if fed to valine-deficient animals. This does not appear to have 
been tested. The relative importance of intestinal synthesis, compared, for 
example, with that of the liver, is not known, but it may well be that under 
the conditions existing in vivo the intestine may hold an important position in 
this type of reaction. | 

That many acetylated amino acids lose their acetyl groups in vivo has been 
made clear by the beneficial results on feeding such derivatives to animals 
deficient in the corresponding amino acids (e.g. Neuberger & Webster, 1946). 
Acetyl tryptophane supports growth in tryptophane-deficient rats (Berg, 
Rose & Marvel, 1929) and it seems that, in contrast to acetyl methionine, 
acetyl valine and acetyl leucine, this compound can only be deacetylated in 


sites other than the small intestine. 


Birnbaum et al. (1952) have reported the isolation of a highly active acylase 
from hog kidney. This readily reacts with a number of N-acetylated amino 
acids, including the acetyl derivatives of methionine, valine and leucine, but 
not of tryptophane. It is suggested that this enzyme may be responsible for 
the present results, especially in view of the apparent inactivity towards 
acetyl tryptophane. Further tentative support for this view is the rate of 
deacetylation shown in Expt. 4, Table 5, with acetyl methionine most readily 
attacked, then acetyl alanine and finally acetyl valine. A similar order of 
activity is shown by the acylase of Birnbaum et al. (1952). On the basis of the 
figures provided by these authors for the activity of their acylase preparation 
before purification, it can be calculated from the figures for acetyl methionine 
in Expt. 1, Table 5, that on a wet-weight basis the intestine contains about one- 
sixth of the acylase present in the kidney. The comparison cannot be carried 
too far because the kidney preparations were homogenates, whereas the 
intestinal mucosa was mainly whole cells and permeability factors may have 
influenced the rate of reaction. In addition, in the experiments from which 
these calculations were made, the amount of acetyl methionine present was 
almost certainly a limiting factor, and the figure of one-sixth probably much 
too low. | 
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In view of the results of Bloch & Rittenberg (1944, 1946) it would seem that 
there is in the intestine a transacetylating enzyme. These authors showed that 
when deuterium-labelled acetyl amino acids and phenylaminobutyric acid 
were fed together, the isolated acetyl phenylaminobutyric acid had an isotope 
concentration similar to that of the acetyl group originally given. The acylase 


and the transacetylase must be closely associated since, if the latter enzyme 


were not present in the intestine, the labelled acetyl amino acid fed would have 
been deacetylated to some degree during absorption and the isotope concen- 
tration of the acetyl phenylaminobutyric acid synthesized would have been 
low, i.e. of a similar order to that found when the compounds were injected. 

The significance of these findings is not clear. It is possible that intestinal 
acylase may be concerned in some way with the ‘active’ absorption from the 
small intestine of certain t-amino acids. The kidney tubule and small in- 
testine have in common the property of absorbing amino acids, and this 
hypothesis accounts for the presence of a kidney acylase (assuming that this 
enzyme is common to the kidneys of animals other than the hog) rather more 
satisfactorily than does the one outlined below. A second important function 
might be in the synthesis or turnover of protein. The intestinal mucosa has a 
_ very rapid turnover of protein (Friedberg, Tarver & Greenberg, 1948; Tarver 
& Morse, 1948) and, because of enzyme production and the continued sloughing 
of the mucosa, must have a large net protein synthesis. Investigation of liver 
might be rewarding since this tissue synthesizes a considerable amount of 
protein, and an acylase should be present there if it is concerned with protein 
synthesis. It has already been shown that liver can synthesize acetyl amino 
acids (Bloch & Borek, 1946), but only in relatively small amounts. The 
authors have pointed out, however, that the acetyl compounds may have been 
immediately utilized, without a chance to accumulate, since acetyl phenyl- 
aminobutyric acid, a compound thought to be metabolically inert, accumulated 
toa much greater extent than the acetyl derivatives of leucineand phenylalanine. 


SUMMARY 

1. The synthesis of four C-carboxyl-labelled amino acids is described. 

2. Some aspects of the in vitro amino acid metabolism of rat small in- 
testine and of rat and cat intestinal mucosa have been investigated. 

3. Deamination of amino acids takes place in the in vitro preparation and 
other reactions, leading to the loss of the carboxyl-carbon of the amino acid 
or of a derived metabolite, can occur. 

_ 4, Synthesis of leucine and valine takes place if the corresponding «-oxo 
acid is present. | 


5. An acylase is present in intestinal mucosa and this would appear to be 


similar to that present in hog kidney. Some consideration has been given to 
the possible role of this enzyme in the metabolism of the small intestine. 
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THE ELECTRICAL PROPERTIES OF THE 
MOTONEURONE MEMBRANE 
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_ Department of Physiology, The Australian National 
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(Received 28 March 1955) 


Interest in the cells of the central nervous system has been directed mainly 
toward their synaptic function, since the outstanding feature of these cells is 
to receive and integrate synaptic influences from different sources. But in 
considering synaptic responses, it is helpful to have available data on the 
electrical and electro-chemical properties of the cell membrane upon which 
synaptic influences are exerted and in which propagated impulses are set up. 
In a first analysis the surface membrane of the cell body and dendrites of the 
central neurone may be taken to have properties similar to those of an un- 
myelinated nerve fibre. The membrane properties of such fibres have been 
investigated in considerable detail, using giant fibre preparations of inverte- 
brates (Hodgkin, 1951). One might, however, expect that the membrane of 
the central neurone would have some distinctive characteristics, for it has long 
been known that tissue containing such material (i.e. cell bodies and dendrites) 
has a higher rate of metabolism than tissue, either central or peripheral, con- 
taining only the axons of cells (Holmes, 1930; Gerard, 1937). This provision of 
energy, even in the resting condition of the cells, makes it possible that there 
exists across the resting neuronal membrane an intense active transfer of 
material—much greater than could exist across the nerve fibre membrane. 
The rapid reduction of membrane potential during anoxia (van Harreveld, 
1946) suggests that there is a continuous active transfer of ions which must be 
maintained in order that the electrical state of the resting membrane be 
preserved. 

Recently experiments have been described in which electric potentials have 
been recorded with intracellular microelectrodes from the cell bodies of single 
spinal motoneurones, when at rest and when activated in different ways 
(Brock, Coombs & Eccles, 1952, 1953; Woodbury & Patton, 1952). In the 
present study electric potentials have been recorded in these cells in con- 


junction with two types of treatment which could be applied directly to the 
19-2 
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particular cell under observation by means of the microelectrode: (a) externally 


controlled (i.e. extrinsic) currents were applied to the cell membrane, and ~ 


(5) various species of ions were injected into the cell, thus changing the composi- 
tion of the intracellular medium while the extracellular medium remained 
constant. By making full use of these techniques, it is possible to determine 
the state of the motoneuronal membrane in terms of its conductance toward 
different ions. In this paper only the resting condition and the action potential 
response (spike-potential plus after-potential) of the membrane are analysed 
in this way. Analysis of excitatory and inhibitory synaptic actions will be 
given in later papers. 
Experiments were performed on the lower lumbar region of the cat’s spinal cord under pento- 
barbital anaesthesia. The technique of micromanipulation was the same as that described by 
Eccles, Fatt, Landgren & Winsbury (1954). 

Microelectrodes. Capillary microelectrodes for intracellular usage were drawn from hard glass 
tubing and filled with a concentrated aqueous solution of an electrolyte. Filling with the desired 
solution was accomplished by immersing the microelectrode in the boiling solution for a period up 
to $hr or, alternatively, by immersing it in boiling distilled water for this period and, after cooling, 
placing it in a solution from which the electrolyte would pass into the water-filled microelectrode. 
Connexion of the microelectrode with the electrical equipment was made through Ag—Ag(Cl junc- 
tions. The indifferent lead from the cat was made through an Ag—Ag(l junction and a saline-soaked 
cotton gauze pad which made a low resistance contact with the surface of the lumbar musculature. 

In order to record potentials from the interior of a cell at the same time as a current was being 
applied, a double-barrelled microelectrode was devised. This was fabricated by placing a flat glass 
partition longitudinally within a glass tube. One end of the tube was sealed and two side arms 
were attached there, one leading from each side of the partition. The tube was then drawn into a 
microelectrode and filled in the usual manner (cf. sketch of electrode in Fig. 1). On examination 
under the microscope, using a water-immersion objective of n.a. 1-20, the separate barrels were 

seen to end together at the tip, which still had a circular or oval cross-section. The overall diameter 
of the tip was not different from that found on single electrodes, i.e. it ranged to below 0-5 yu. The 
tips of these electrodes were more liable to break when subjected to mechanical stress than single- 
barrelled electrodes, and it was a common occurrence that the double-barrelled electrode was 
damaged on being driven through the spinal cord, as was inferred from alterations of its electrical 
properties. Because of electrical artifacts inherent in the technique to which the double-barrelled 
electrode was applied, it was not usually possible to use electrodes with a tip diameter of less than 
about 0-7. On microscopic examination after use, successful electrodes were seen to have tip 
diameters of 0-7-2-0 4, and occasionally one barrel would open a few microns short of the other. 

Electrical artifacts. Both the recording of potential and the passage of current individually 
presented the usual technical difficulties, such as have been described in various papers where 
single-barrelled electrodes have been used for these two operations. In addition, special problems 
arise with the use of a double-barrelled electrode, due to electrical coupling between the barrels. 
Typical values of the relevant electrical characteristics are indicated in Fig. 1. The capacity between 
the barrels (of the order of 20 pF) caused such a large artifact to appear in the recording system that 
it was impossible to follow in detail potential changes occurring in a cell within 2-3 msec after a 
change in applied current. When a voltage step is applied to the free end of the 100 MQ resistance 
represented in Fig. 1, a current develops through the microelectrode tip, rising toward a plateau 

with a time constant of 0-025 msec (5 pF coupled to 10, 10 and 100 MQ in parallel). Initially, the 
current will be carried via both barrels because of the large capacity coupling the two. In the 
recording system, a large voltage pulse will appear, which is entirely an artifact, as it does not 
represent a potential change at the microelectrode tip. It rises with a time constant of 0-025 msec 


Fig. 
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toward a potential equal to 7 of the voltage step produced by the current g ting device; and 


it decays with a time constant of 0-4 msec (20 pF discharging through 10 and 10 MQ: ta series). 
Transient artifacts having this origin appear in Figs. 4,5 and 13. It will be appreciated that there 
is little possibility of making accurate measurements until this artifact has very largely subsided. 

The large resistance (100 MQ) was placed between the current-applying device and the micro- 
electrode in order to minimize distortion in the recording of potential changes that arise as the 
response of the cell. If the barrel for applying current were directly connected to the current- 
generating apparatus, which was of comparatively low impedance, the capacity between the 
barrels would cause an attenuation in the recording of rapid potential changes at the tip of the 


Current Potential 
application recording 


A 


8 
5 pF ey 10 A 10 MQ 
200k 


70mV 


‘ / Motorieurone 


> 


Fig. 1. A. Double-barrelled microelectrode and its immediate connexions. Typical values are 
given of the several electrical characteristics which are significant in the use of the electrode. 
B. Enlarged view of the microelectrode tip in the motoneurone. The motoneurone properties 
represented are the potential and resistance (ignoring the reactance) between the inside and 
outside of the inactive cell, as determined in this paper. For diagrammatic purposes the 
microelectrode tip is shown greatly magnified relative to the motoneurone. 


microelectrode (the time constant of the circuit attenuating the high frequencies would be given 
by 20 pF x 10 MQ), With the introduction of the 100 MQ resistance, the whole of the microelectrode 
was free to follow transient potentials developed in the cell, while the steady polarizing currents 
were only slightly affected by these potentials. 

A serious problem in the measurement of membrane potential changes produced by extrinsic 
current arises from the resistive coupling between the barrels. With the electrode dipping into 
physiological saline the application of a steady current through one barrel caused a potential 
change to be recorded from the other. This was due to the resistance immediately around the 
electrode tip shared by the current-applying and potential-recording systems. The greater the tip 
diameter the less was the coupling resistance. It was, furthermore, much reduced if the electrode 
was fractured so that one barrel opened a few microns short of the other. The coupling resistance 
was liable to fluctuate considerably on pushing the microelectrode through the spinal cord. It was 
therefore necessary to make frequent checks of its value. The values subtracted from the intra- 
cellular determinations were usually those obtained immediately after withdrawing from the cell, 
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this being based on the assumption that the coupling resistance exclusive of the cell membrane 
was the same inside the cell as outside. The changes in coupling resistance could be explained by 
breakage of the tip decreasing its value, or by joint blockage of the barrels by some material of 
high resistivity increasing its value. Since the resistance between the interior of a motoneurone 
cell body and the external conducting medium was, as eventually determined, of the order of 
800 KQ, reliance could not be placed on measurements made with electrodes with coupling 
resistance greater than 300 KQ. It was this consideration that compelled the rejection of electrodes 
with tip diameters less than about 0-7 ». Usable electrodes had coupling resistance ranging between 
60 and 300 KQ. 

Injection of ions. Another technique requiring dectiation is the injection of ions from the 
microelectrode into the cell. Some passage of ions would ordinarily occur by diffusion. When the 
same species of ion is present in the microelectrode as in the cell, its movement would be mainly 
from the microelectrode to the cell, because of the much greater concentration within the micro- 
electrode. The microelectrodes were filled with a near-saturated solution of the salt, the concentra- 
tion of any particular species of ion being at least 1-2 equiv/l. A rough calculation made for an 
electrode filled with 3 m-KCl indicates that at the most 6 x 10-™ equiv per sec of K* and CI" ions 
will be leaving the electrode by diffusion (cf. Nastuk & Hodgkin, 1950). 

Control over the rate of injection was obtained by applying to the microelectrode a potential of 
up to a few volts. The current through the electrode can then be used to estimate the rate of 
injection. Since the concentration of ions in the cell is much lower than in the electrode, most of 
the current will be carried by the movement of ions from the electrode into the cell. However, 
a problem arises from the circumstance that the current is a measure of the difference in the move- 
ment of cations and anions from the electrode into the cell. For example, a current from the 
electrode to the indifferent lead gives the rate at which the charge is carried by a preponderance of 
cations over anions, moving out of the electrode; the movement of anions is decreased from that 
prevailing when diffusion alone is operating, while the movement of cations is increased. Con- 
versely, with a current in the opposite direction, the movement of anions out of the electrode is 
increased, while that of cations is decreased. This problem of calculating the rate of ionic move- 
ment will not be gone into further here, The data presented in this paper of the amount of ion 
injected into a cell are no more than semi-quantitative. More detailed consideration of ionic 
movement by diffusion and under the influence of electric sii is given in another paper (Coombs, 
Eccles & Fatt, 1955). 

The ion species which have been injected into motoneurones are the following: 

Cations: potassium, sodium, tetramethyl ium, choline. — 

Anions: chloride, bromide, nitrate, thiocyanate, bicarbonate, glutamate, sulphate, phosphate. 

In electrodes used for investigating the effect of a given cation, the accompanying anion was 
usually sulphate. Correspondingly, for investigating the effects of a given anion, the accompanying 
cation was usually potassium. 


RESULTS 
The resting motoneurone 


In agreement with previously reported determinations (Brock e¢ al. 1952; 
Woodbury & Patton, 1952) the resting potential measured with a KC\l-filled 
electrode from within securely impaled motoneurones was about —70 mV, 
the negative sign being used to signify that the inside a the cell is negative 
with respect to the outside. 

It is possible to establish that undiminished resting potentials of motoneurones were recorded 


in some cases. Any diminution of membrane potential due to an electrical leak would cause the 
responses of the cell to be altered in the way that is observed in experiments in which depolarizing 
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extrinsic currents were used, The agreement between the form of certain responses obtained with 
the present technique and those obtained by methods which are less direct and less likely to 
disturb the cell provides strong evidence that the cell is in its normal state, although impaled by 
the microelectrode. A case in point is the observation of the prolonged hyperpolarization occurring 
after the spike-potential. This after-potential is sensitive to changes in membrane potential: if the 
resting potential of the motoneurone was as much as 20 mV greater than the potential prevailing 
in impaled cells, the hyperpolarization could not occur (p. 313). Nevertheless, the existence of this 
hyperpolarization is indicated in experiments other than those employing microelectrodes 
(ef. Lloyd, 1951). 

It should be noted that, even if damage to the cell can be discounted, there is still an un- 
certainty in the evaluation of membrane potential. This is due to the liquid junction potential — 


_ existing between the electrolyte solution within the microelectrode tip and that of the surrounding 


fluid. No attempt was made to correct for this factor even though various electrolytes were used 
in the recording electrodes, because the experiments were mainly concerned with changes of 
membrane potential. 

While the average resting potential, as recorded with a 3m-KCl-filled electrode, has been estimated 
to be - 70 mV, it is reasonable to suppose that there is a relatively wide dispersion of resting 
potential within the population of motoneurones., The standard deviation may amount to +5 mV 
or more. That the resting potential should have a greater dispersion in motoneurones than in 
excitable cells outside the central nervous system, e.g. in striated muscle fibres, is made probable 
by its greater dependence on metabolic processes. 


__ Effect of injected ions on resting potential. The effect on resting potential of 
the injection into the cell of different species of ions would be expected to give 
an indication of the differential permeability of the membrane to ions. Studies 
on other tissues suggest that ions might be differentiated into two classes, 
depending upon how readily they penetrate the membrane. Into a class of 
readily penetrating ions would fall potassium, chloride, nitrate, bromide and 
other ion species where the hydrated ions are of similar small size. Into an 
opposite class of not readily penetrating ions, at least as far as passive penetra- 
tion is concerned, would fall sodium, sulphate, phosphate, and other ions of 
comparatively large size (Boyle & Conway, 1941; Hodgkin, 1951). It may 
be predicted that the introduction into the neurone of readily penetrating 
anions would cause a reduction of the resting potential from which recovery 
would occur gradually as the anions diffused outwards across the neuronal 
membrane and the internal ionic composition returned to normal. Experi- 
mentally it was found that the injection of CI’, Br or NO, produced a re- 
duction of up to 10 mV in the resting potential. For example, after the 
injection of CI” from a microelectrode at a rate of approximately 0-3 p-equiv/ 
sec (1p-equiv = 10-12 equiv) for 60 sec, the resting potential of a neurone was 
diminished by 8 mV. During the subsequent recovery the resting potential 
returned one-half of the way back to its initial level in less than 1 min. Similar 
findings were obtained in other cells with Brand NO, injections. It should 
be noted that such potential changes, extending over a period of several 
minutes, were near the limits of accuracy of the recording technique. Hence 
it was not possible to make accurate determinations of the time course of 
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recovery of membrane potential. A possible consistent error in such investiga- 
tions was an alteration of the liquid junction potential between the fluid in the 
microelectrode tip and that in the neurone, which would be expected to occur 
after an injection due to temporary changes in the ionic composition of the 
fluid within the microelectrode tip as well as within the neurone. It is, never- 
theless, clear from the effects produced on the inhibitory post-synaptic potential, 
which will be considered in a later paper, that after an injection of Cl , Br or 
NO, the injected ions proceeded to leave the neurone so that it was half-way 
back to its original condition in about 20 sec. The small depolarization produced 
by the injection of these anions suggests that the ionic currents contributed 
by the outward diffusion of such ions were small compared to the total steady- 
state ionic currents across the membrane, including that due to the active 
transfer of ions (Ussing, 1949; Grundfest, Kao & Altamirano, 1954). The in- 
jection of sulphate and phosphate in large amounts (order of 50 p-equiv) often 
appreciably reduced the resting potential and recovery was incomplete or 
absent, which may be attributed to an uptake of water and swelling of the cell 
as the total internal content of non-penetrating salts was increased. 

Cations would be expected to react with the systems employed in the specific 
transfer of ions, i.e. with carriers and pumps, and their injection would there- 
fore be likely to have specific effects, although the distinction between 
penetrating and non-penetrating ions could still have its significance for 
passive transfer. If potassium ions penetrate the cell membrane readily, and 
if current is used for their injection from the microelectrode, they would be 
carried out of the cell where this same current passed outward across the 
membrane. With the transference number (i.e. the fraction of current carried 
by a particular ion species) approaching unity at both the microelectrode tip 
and the cell membrane, no significant addition would be made to the amount of 
this species of ion within the cell. A fraction of the current across the membrane 
during the injection of potassium from the electrode would be accounted for 


by the outward passage of other cations such as sodium and by the inward 


passage of the penetrating anions in the external medium such as chloride. 
By the operation of diffusion from an electrode, potassium could be introduced 
into a cell in company with a selected anion. However, even by such means 
the internal concentration of potassium ions could not be increased much 
over that normally present. Assuming the motoneurone to be like other 
excitable cells, the osmotic pressure of the interior would be largely made up 
by potassium salts. The addition of more potassium salt would lead to an 
influx of water across the cell membrane, so returning the potassium con- 
centration to near that normal for the cell. In accord with such reasoning, no 
significant effect was ordinarily observed from the intracellular injection of 
potassium by any method. On a few occasions a reduction of resting 
potential occurred on injecting potassium with an electric current, which 
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possibly could be due to chloride being carried across the membrane into the 
cell. 

In contrast to potassium, the injection of sodium ions (20-50 p-equiv) 
by current from @ sodium sulphate microelectrode nearly always diminished 
the resting potential to the extent of about 10 mV. The diminution can be 
explained by a displacement of potassium ions by the injected sodium, for the 
current would almost entirely be carried out of the electrode by sodium ions, 
while, as before, potassium ions would be largely responsible for carrying it 
outwards across the cell membrane. From the low resting potential occurring 
at the termination of injection, the cell proceeded to recover so that the resting 
potential returned one-half of the way to normal in 150-250 sec (Fig. 9), and 
had completely returned in about 500 sec. Approximately the same time 
course of recovery obtained for other alterations that the injection of sodium 
ions produced in the membrane properties of the cell, in particular, in the spike- 
and after-potential. 

A usual occurrence was for the resting potential to increase beyond its 


original value. About 10-20 min from the injection a value was attained that 


was 10-15 mV in excess of the normal resting potential (e.g. Fig. 9). That this 
recorded potential change genuinely resided in the cell membrane was shown 
by changes in the responses of the cell, which resembled those occurring with 
a membrane potential raised by extrinsic current. Possibly the raised potential 
is to be attributed to a specific active extrusion of sodium ions carrying positive 
charges out of the cell. The effect of the sodium extrusion mechanism (or 
pump), tending to raise the resting potential, would be initially counteracted — 
by the effect of the low intracellular potassium, tending to depress it, but, once 
the potassium was largely restored, the continued high activity of the sodium 
pump could produce the increased resting potential. The results of sodium 
injection, including the initial reduction and later raising of resting potential, 
could be elicited several times in the same cell by successive injections. 

Tetramethylammonium ions were injected into some cells, and results were 
obtained which indicated that the membrane was relatively impermeable to 
the ions and not capable of actively extruding them. Thus when large amounts 
were injected, the resting potential was reduced as in the case of sodium in- 
jection, but subsequently recovery was very slow or absent. Such recovery as 
did occur may be attributed to slow passive diffusion out of the cell. Choline 
ions were also used and they appeared to have a chemically specific effect on 
the cell membrane. After an injection there was a slow progressive loss of 
resting potential. 


Membrane resistance 


The use of double-barrelled microelectrodes has made possible the evaluation 
of electric resistance between the inside and outside of motoneurones. It was 
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even more important than with the resting potential investigations to select 
determinations which were least upset by injury or by imperfections in the 
recording technique. Voltage-current curves, extending through wide ranges, 
were obtained with the use of currents which had already been applied for 
several seconds before each recording. An example is given in Fig. 2 of two 
series of uncorrected potential measurements obtained within a cell for various 


-10 
/ 
~20 
= 
-20 -10 0 +10 +20 +30 30-20 -10° 0 +10 +20 +30 +40 
Current (mp A) Current (mA) 
‘Fig. 3 
Fig. 2. Directly recorded potentials plotted against t, using a Na,SO,-filled, double- barrelled 


microelectrode. Current is indicated to be positive when directed out of the microelectrode. 
Potential is that at the microelectrode tip with respect to a distant indifferent electrode. 
Points designated © and + were obtained with the electrode in a motoneurone; those 
designated @ were obtained immediately after withdrawing from the cell. After the first set 
of recordings ©, approx. 30 p-equiv of Na+ (p-equiv =10- equiv) was injected from the 


- microelectrode into the cell (by applying an outward current of 5 x 10-* A, lasting 60 sec), 


and the second set of recordings + were made in the subsequent 30 sec. A straight line has 
been fitted to the points @, while two straight lines joining at zero current have been fitted to 
each of the sets obtained within the cell. The recording at the greatest outward current, 
marked (©), was affected by a continuous repetitive discharge of action potentials in the cell. 


. 3. Plots of potential against current, made in a different motoneurone but with the same 


microelectrode as used in the experiment of Fig. 2 and with the same convention for repre- 
senting current. Potential measurements have been corrected to give membrane potential 
by subtraction of the potential appearing in the resistance to the surroundings shared by the 
two barrels of the microelectrode when the microelectrode was outside the cell, i.e. the 
potential is that inside the cell minus that outside. After obtaining points ©, approx. 
45 p-equiv of Na+ was injected into the cell (applying 5 x 10-* A for 90 sec) and the recordings 
+ were made in the subsequent 30 sec. Following a gap of 60 sec, the set of recordings / 
were made in a further period of 90 sec. A straight line bas been fitted to the points in each 
set, except for the five points-obtained with the largest inward (hyperpolarizing) currents. 
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currents, both inward and outward. In addition, potentials recorded under 
similar circumstances, but outside the cell, are plotted and fitted with a 
straight line. In order to obtain corrected membrane potentials, points on this 
line are subtracted from the internally recorded potentials for corresponding 
currents. Such corrected potential measurements obtained in other cells are 
plotted in Figs. 3 and 15 and are quoted in Figs. 7, 8 and 11. The slope of the 
curve of corrected membrane potential plotted against current at any point 
represents the dynamic (or differential) membrane resistance. Usual values of 
dynamic resistance in the vicinity of the resting potential were from 400 to 
1300 KQ. 


As noted earlier, the double-barrelled electrodes were larger than the single ones used for 
accurate resting potential determinations and would be more likely to cause some damage of the 
motoneurones, with a consequent lowering of the voltage change produced by a given current. — 
It may therefore be supposed that the larger values of resistance, those between 1000 kQ and 
1300 kQ, represent more nearly the condition of an uninjured cell. An unexpected result was the 
close approximation to linearity of the voltage-current relation through the whole range of currents 
for which the technique could be satisfactorily applied—usually about 3 x 10-* A in each direction. 
There was, however, often a slight but significant degree of rectification. Thus in Fig. 2 a better 
fit of plotted measurements is obtained by two straight lines meeting at zero current, and assigning 
in the region of depolarization a dynamic resistance which is 20% greater than that in the region of 
hyperpolarization. A similar slight rectification is seen to apply for the plotted measurements in 
the lower part of Fig. 15, though the points have been fitted to single straight lines. No explana- 
tion can be offered for this rectification. It is in the reverse sense of that expected from potassium 
ion penetration with the known concentrations of these ions on the opposite sides of the membrane 
(see below). 

A very large deviation from the normal voltage-current relation sometimes occurred with the 
largest hyperpolarizing currents. In such cases the dynamic resistance appeared to fall off sharply 
when the membrane potential was increased above a critical level. This was always in excess of 
20 mV above the resting potential. On cessation of the current it was found that the potential did 
not return to its original resting level, but to a somewhat lower level. It is probable that the 
dielectric strength of the membrane had been exceeded by the large potential developed across it 
and that dielectric breakdown had occurred. 

With the technique of applying steady currents and waiting several seconds before recording 
potentials, it was possible to plot values at all depolarizations except for a limited range within 
which rhythmically recurring spike-potentials appeared. With larger depolarizations, reasonable 
values could be obtained a few seconds after an initial burst of spike-potentials. Another 
procedure was to apply pulses of current lasting only 10-20 msec. As noted in the section on 
Methods, no significance could be attached to potentials recorded within 2-3 msec from the start 
of the pulse on account of electrical artifacts. Thereafter, when a voltage plateau had been nearly 
reached, the same results were obtained as with prolonged currents. However the brief-pulse 
technique had the drawback that larger depolarizing currents set up spike-potentials and no 
steady potential level was attained. 


Effect of injected ions on membrane resistance. The investigation of the effect 
of injecting ions on membrane resistance was attended with considerable 
difficulty. Resistance determinations required the plotting of several potential- 
current recordings, and under tie most favourable circumstances were accurate 
to only +10%. Since a large number of potential recordings had to be made, 
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any rapid alteration of membrane resistance during recovery from the in- 
jection would upset the plotting, and only the direction of the change could 
be indicated. Furthermore, since the same electrode would be used for 
injecting ions as for the electrical measurements, care had to be taken that 
considerable quantities of ions were not inadvertently passed into the cell by 
the currents used for resistance measurement. 

The injection of sodium ions provided the only situation in which a definite 
effect was obtained. Figs. 2 and 3 show the changes produced in two cells. 
In Fig. 2 the injection of 30 p-equiv of sodium has lowered the resting potential 
of the cell by 4 mV but has not had a noticeable effect on membrane resistance. 
In Fig. 3 the injection of 50 p-equiv of sodium into a different cell is shown to 
increase the membrane resistance considerably, followed by a return toward 
its original value. The resistance before the injection was 900 KQ. During the 
30: sec immediately following the injection the resistance was 1450 KQ. From 
90 sec after the injection until 210 sec further measurements were made, 
indicating a resistance of 1150 KQ. The initial loss of resting potential and the 
later recovery appears to be part of a resistance alteration, since the plotted 
curves converge with inward (hyperpolarizing) current. The curves should not 
intersect. As the inward current increases, it tends to be carried preponderantly 
by external cations moving inward and the internal cation composition thus 
becomes inconsequential. It is apparent therefore that any unequal con- 
centration of penetrating ions on the two sides of the membrane will provide 
some rectification, even where there is no specific permeability change (cf. 
Goldman, 1943). The raised membrane potential which sometimes appeared at 
5-8 min after sodium injection was not reflected in any appreciable alteration 
of resistance. | 

Voltage-current curves, giving membrane resistance, were plotted in many 
cells, for such curves were required whenever the effect of membrane potential 
on responses was to be interpreted accurately. Thus many measurements were 
accumulated. On the whole, they are of interest only in giving the values 
typical for nearly normal conditions. | 


The spike . . The activated motoneurone , 

The types of antidromic response. A spike response may be set up in a moto- 
neurone by three methods of stimulation: by the propagation of an antidromic 
impulse up the motor axon, by synaptic stimulation, and by direct electrical 
stimulation. The spikes so set up by these three methods are essentially similar 
in amplitude and duration (Fig. 5; Brock et al. 1952, 1953), but important 
differences occur in the initial depolarization from which the spike deflexion 
arises. 

When an impulse is propagated antidromically along the motor axon, it 
would be expected to encounter a region of low safety factor at the junction 
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between the non-medullated axon and the soma. Action currents generated 
in the motor axon are here required to activate the expanded surface membrane 
of the cell body. Thus, even if the surface membrane had uniform properties 
over the whole of the non-medullated axon and the soma, a delay, or possibly 
failure, in conduction would be expected to occur at the junction between 
them. When complete invasion of the motoneurone does occur, a distinct step 
is seen on the rising phase of the recorded potential change at a level of about 
30 mV depolarization. This has been attributed to delay at the axon-soma 
junction (Brock e¢ al. 1952, 1953). In many motoneurones the complete action 
potential is not normally evoked and the response is then a simpler wave of 
depolarization of up to 30 mV in amplitude. It will be convenient to call this 
small spike the NM spike as heretofore, while the large spike which arises when 
presumably the soma and large dendrites are activated will be called the SD 
_ spike. When this NM-SD blockage was not normally present, it could be 
induced by repetitive stimulation (Brock et al. 1953). Blockage could also be 
produced by an underlying hyperpolarizing current (Brock & McIntyre, 1953; 
and bottom record of Fig. 8). On the other hand, if blockage normally occurred, 
it could be relieved by a depolarizing current (upper three records of Fig. 7). 
Such effects had earlier been suspected to occur from the results of experiments 
in which the antidromically elicited action potential was recorded extra- 
cellularly within a population of motoneurones, and conditioning of the cell 
was accomplished by excitatory and inhibitory synaptic action. From the 
increase produced in the externally recorded action potential by an excitatory 
volley it could be inferred that there were many motoneurones which were 
ordinarily not invaded completely by an antidromic impulse, but which could 
be invaded farther during a subthreshold excitatory action (Renshaw, 1942). 

Another type of blockage has been studied by applying electric currents to the 
motoneurone. Typically a motoneurone at its resting potential would be fully 
invaded by an antidromic impulse, so giving an NM spike leading on to an SD 
spike. On increasing the membrane potential by a few millivolts the impulse 
would fail to invade the soma and the simpler NM spike would then be re- 
corded. If now the membrane potential were increased further, even this NM 
spike would fail to appear (bottom three records of Fig. 7). The new type of 
blockage occurred just as abruptly and depended just as critically on the 
membrane potential as the axon-soma blockage. When the stimulus applied to 
the ventral root was critically adjusted for the threshold of the motor axon 
under investigation, it was possible still to identify a small spike-like deflexion 
being produced by stimulation of that axon (bottom record of Fig. 7 at in- 
creased amplification). This small spike had an amplitude varying from 1 to 
5 mV with different motoneurones. Blockage was probably occurring in the 
ultimate section of motor axon approaching the soma, the effectiveness of the 
spread of activation there being affected by the level of membrane potential, 
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which was altered by extrinsic currents extending from the soma. The same 
type of blockage has been described previously to occur during a rapid repetitive 
series of antidromic impulses (Brock e¢ al. 1952). It is convenient to use the 
term M spike to designate these small spike-like potential changes which are 
recorded intracellularly from the soma in response to an antidromic impulse 
which may only invade the medullated axon (Brock et al. 1953). Again, as 
with blockage between the NM and SD spikes, this blockage between the M 
and NM spikes has been found to occur normally with some motoneurones. 
When this was the case, the NM or the NM plus SD spike was obtained on 
_ depolarization of the cell by extrinsic current. In a motoneurone in which 
under normal conditions a complete action potential was very effectively set 
up by propagation of an antidromic impulse up the motor axon, it was fre- 
quently not possible to produce an NM-SD type of blockage, whatever hyper- 
polarizing currents were used. On hyperpolarizing, a point could be reached at 
which either the SD spike was set up or blockage occurred along the axon, giving 
an M spike, there being no intermediate stage of NM spike (bottom record of 
Fig. 5A). 

_ Changes in latency of the SD spike on applying currents to the soma are 
attributable to alterations in the delay of propagation at each of the two sites 
of possible blockage. Thus on hyperpolarizing, there is an increase in the time 
spent in the transition from the NM to the SD spike. But in addition, as seen 
in Fig. 5A, a considerable delay can be introduced before the commencement 
of the NM spike. 

- Immediately following the injection of sodium ions (20-50 p-equiv), 
NM-SD blockage developed in cells which were normally completely activated 
(Fig. 9A). This often occurred in spite of a reduction of membrane resting 
potential which should have facilitated invasion. After a short time complete 
invasion could again be obtained, apparently as the result of the removal of 
some of the injected sodium ions. This result is consistent with the hypothesis 
of the involvement of sodium ions in the generation of the action potential 
(Hodgkin & Katz, 1949; Hodgkin, 1951). 

Graded potential changes occurred whenever the NM spike was near thres- 
hold for setting up the 8D spike, there being added a further slight depolariza- 
tion and delayed decline. The deviation can be interpreted as a local response 
(or partial activation) of the membrane, such as has been demonstrated in 
other tissue to result from near-threshold depolarization. Thus with the cell of 
Fig. 7 initially at its resting potential (—80 mV), an antidromic impulse 
caused an NM spike to be set up which had an unusually broad summit and 
late decline. This response was converted to the more typical one by hyper- 
polarizing the cell by 2 mV. On the other hand, a depolarization of 2 mV caused 
an SD spike to appear intermittently. In the cell of Fig. 8, blockage of the SD 
spike did not occur unless it was hyperpolarized by at least 7 mV to a membrane 
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potential of —88 mV. At this level of potential the resulting NM spikes showed 
appreciable variability in their peak amplitude and time course of decay, 
although the rising phase was repeatable. 

The threshold for evoking a response. The potential changes set up in . the soma 
on antidromic activation would appear to indicate a threshold depolarization 
of almost 30 mV. On the other hand, the threshold depolarization for activa- 
tion of the soma by the excitatory synaptic potential was much lower, usually 
only about 10 mV (Brock e al. 1952). From the study of other excitable 
tissues, including the junctional regions of cells, it is not clear why there should 
be this discrepancy. A factor which must complicate the problem in the 
motoneurone is the complex geometry of the cell. Hither the apparent thres- 
hold obtained by antidromic activation is deceptively high on account of 
peculiarities of the local action currents at the axon-soma junction, or the 
apparent threshold obtained by excitatory synaptic action is deceptively low 
because activation by this means starts elsewhere than in the soma membrane 
under observation. An important additional factor may be the duration of the 
depolarization. Thus there may be a higher threshold level for brief pulses of 
depolarization, with the threshold decreasing as the depolarization is prolonged. 
Such a utilization phenomenon would help to explain the discrepancy of 
threshold. 

The simplest way of determining the threshold of the soma membrane is by 
direct stimulation with a depolarizing current pulse. Using a pulse of several 
milliseconds duration, the threshold was found by this method to occur at a 
depolarization of about 10 mV (Figs. 4 and 5 A, C). The difference between the 
threshold height of the NM spike and the depolarization due to the direct 
application of a current that is just effective in initiating an action potential 
is obvious in the top records of Figs. 5 Aand B. The top record of Fig. 5 B shows 
that, even when the membrane has already been depolarized almost to the 
extent necessary to initiate an action potential, the SD spike does not arise 
until the NM spike has attained a height of about 20 mV. On the other hand, 
it appears from Fig.5C that the thresholds for activating the cell with excitatory 
synaptic action and with depolarizing current are very nearly the same. 

The approximate agreement between the threshold depolarizations obtained 
by excitatory synaptic action and by direct stimulation indicates that the 
actual threshold of the soma membrane is the one obtaining for the synaptic 
potential rather than the higher value derived from the NM spike. However, 
the time course of depolarization leading to activation is much longer in the 
case of the extrinsic current than in either of the other two cases. The SD spike 
arises 0-25-0-5 msec from the beginning of the depolarization of the NM spike, 
while activation by the excitatory synaptic potential occurs in 0-3 to 1-2 msec 
from its onset. On the other hand, activation by an extrinsic current pulse 
occurs at 3-8 msec, when it is near the minimum effective strength. More 
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intense currents set up spikes with less delay, and the threshold was then 
apparently at a larger depolarization. On comparing the second and third 
records in Fig. 4A it is seen that the point of maximum curvature remained 
at an apparent depolarization of about 11 mV as the strength of the current 
pulse was increased and the duration of the preceding depolarization was 
shortened from 4 to 3 msec. In the top record of this series strengthening of 
the current reduced the time required to initiate the spike to 2 msec, but the 
apparent threshold was then increased to about 15 mV. It must be noted, 
however, that at such short intervals from the beginning of the current there 
were large artifacts in the recording. Besides the artifact due to coupling 
resistance, which is constant throughout the application of current, there is 
the transient artifact caused by the capacity between the two barrels of the 


A 


msec 


Fig. 4. Superimposed sweeps displaying membrane potential in a motoneurone on application of 
rectangular steps of outward current. Current commences about one-third of the way through 
each sweep and continues throughout the sweep. In both A and B, current increases from 
the bottom to the top record. Resting potential was -64 mV. Both here and in Fig. 5, the 
initial rapid rise of potential and the overshoot of plateau at the start of the current are 
artifacts due to capacitative coupling between the two barrels of the microelectrode and were 
not actually developed across the cell membrane. Furthermore, about one-sixth of the 
potential making up the plateau is also an artifact due to the resistance coupling the two 
barrels, and again is not developed across the cell membrane. This artifact sums with all 
potentials appearing in the cell during the current. Spikes have been retouched to restore 
losses in photography. Time scale applies to whole figure. 
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microelectrode. This artifact will diminish with a time constant of about 
0-4 msec (Methods), as may be seen with the overshoot of the plateau potential 
at the beginning of the current pulses in Fig. 5A and C. 


The possible complication of a utilization phenomenon can be overcome to some extent by 
superimposing the synaptic activity on the polarizing effects of extrinsic currents. Results of this 
kind were obtained from a few cells without, however, giving a conclusive solution to the problem. 
The experiment required the observation of small potential changes, since threshold depolariza- 
tions obtained by either extrinsic current or synaptic activity were small, and large hyper- 
polarizing currents could not be used, because under such conditions the synaptic potential was 
not large enough to activate the cell. For the cell illustrated in Fig. 5C the threshold appeared to 
remain very close to 10 mV as the relative proportion due to excitatory synaptic action and to 


10 


msec 
Fig. 5. Potential records in a biceps-semitendinosus motoneurone obtained on the application 


of steps of current, on activation by antidromic impulses and by excitatory synaptic action. 
In A an antidromic impulse is propagated into the motoneurone cell body about two-thirds 
of the way through the sweep. In C an excitatory synaptic potential, produced by a volley in 
group Ia afferent fibres in biceps-semitendinosus nerve, is set up about two-thirds of the way 
through the sweep. In B more rapidly swept records of antidromically elicited spikes are 
shown, set up during a current as in the corresponding records of A. (Top record of B obtained 
in the presence of preceding activation by the depolarizing current and bottom record in the 
presence of blockage by the hyperpolarizing current.) Resting potential was - 66 mV. Same 
voltage scale applies to A and B. 
20 
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extrinsic current was varied. The slight deviation of threshold could be attributed entirely to the 
potential drop across the resistance shared by the two barrels of the microelectrode, independently 
of the cell membrane, In another cell there was appreciable deviation from a constant threshold. 
This deviation became particularly great when the excitatory synaptic potential was combined 
with a hyperpolarizing current. It is possible that during the prolonged hyperpolarization there 
had been accommodation of the membrane to the new higher potential, so that the transient 
depolarization required to activate approached that obtaining for the cell at its original resting 
potential. 

When the NM spike approached close to threshold, local responses of the membrane were 
superimposed on it. Likewise local responses were superimposed on the membrane potential 
_ changes produced by depolarizing current pulses that were just below the threshold for initiating 
spikes. For example, in the lower records of Fig. 4A and B, they appeared as a slow development 
of depolarization which continued for several milliseconds even when no spike was set up. On the 
other hand, local responses were not a conspicuous feature with synaptic excitatory action, though 
evidence has been presented to the effect that a small response normally appears during and after 
the summit of the excitatory post-synaptic potential (cf. Eccles, 1952). Possibly this relative 
insignificance is explicable by the wide dispersal of the excitatory synapses over the surface. If 
this dispersal were also uniform, the whole surface membrane of the soma and proximal dendrites 
would be uniformly depolarized by synaptic excitation, there being as a consequence little chance 
that an appreciable local activity would develop in some areas and not in others. 


10 msec msec 
Fig. 6. Activation by recovery from the inhibitory synaptic potential in the depolarized moto- 
neurone. From a resting value of —64 mV in A, the membrane potential had been reduced 
to -35 mV prior to recording B and C. In each record the inhibitory hyperpolarization com- 
mences about one-fifth of the way through the sweep. In A and B an action potential is set up 
antidromically about two-thirds of the way through the sweep. Common voltage and time 
scales are shown for A and B. C is taken at a higher amplification and faster sweep speed. 


When the depolarizing current applied to a motoneurone was between 1 
and 14 times threshold, only a single spike was set up at about 4 msec from 
the beginning of the current, as has already been noted. Currents of greater 
intensity caused a repetitive series of spikes to be set up, which with currents 
several times threshold had a repetition rate of a few hundred per sec (cf. 
Brock & McIntyre, 1953). However, during the application of these strong 
currents, the repetition rate quickly fell and the cell usually became quiescent 
within a few seconds. 

A striking property of the motoneurone was the rapid recovery of threshold 
that occurred on remission of a long-maintained depolarization which was 
initially supra-threshold. This effect is seen in Fig. 6, where an extrinsic 
current was used to produce a steady depolarization of about 30 mV. Several 
action potentials had been set up early during the depolarizing current, but 
the cell soon became quiescent again with its normal membrane resistancc. 
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A partial recovery from the depolarization was then produced by the activation 
of inhibitory synapses, i.e. by the transient hyperpolarization of the inhibitory 
post-synaptic potential. It is seen in Fig. 6 that a spike-potential arose during 
the recovery phase of the inhibitory synaptic potential, i.e. while the moto- 
neurone was being again depolarized. Under the conditions specified these 
spike-potentials were regularly obtained. When the inhibitory synaptic 
activity was weak, typical local responses appeared instead of spikes. 

Effect of variations in membrane potential on the spike. The effect of changes 
of membrane potential with the present technique of applying current allowed 
little quantitative information to be obtained about membrane resistance 
during the spike. ! 

The reason for this is that an initial shift of membrane potential from its resting level appeared 
to upset the activation of the sodium-carrier mechanism. In most cases the spike deflexion was 
considerably increased when the spike was set up on the hyperpolarized membrane (e.g. Fig. 5A). 
The increase in spike deflexion in some cells came close to compensating for the hyperpolarization 
of the resting membrane, which would indicate a low membrane resistance at the peak of the spike 
relative to that of the resting membrane. On the other hand, there were conditions under which 
hyperpolarizing the membrane reduced the amplitude of the antidromic spike. For example, in 
Fig. 8 the spike-potential was diminished from 78 to 71 mV when the membrane was hyper- 
polarized from -—81 to —88 mV. The reduction of the spike peak was related to the late origin of 
the SD spike from the initial NM spike. It suggests that there is normally a degree of summation 
of the potential changes which separately constitute the NM and the SD spikes. In no case could 
the hyperpolarization be extended beyond 10-20 mV, and the cell still be completely invaded by 
the antidromic impulse. Blockage eventually occurred, either between the NM and SD spikes 
(bottom record of Fig. 8), or, somewhat less usually, between the M and NM spikes (bottom record 
of Fig. 5A). 

The upper four records of Fig. 8 indicate the effect on the antidromically elicited action potential 


of an initial large depolarization with extrinsic current. A different procedure was employed here 


from that in the experiment illustrated in Fig. 5A. The initial depolarization was maintained for 
several seconds, and, after cessation of the series of spike-potentials evoked by this depolarization, 
antidromic action potentials were recorded. A complicating factor was that the amplitude of the 
antidromic spike sometimes decreased as the duration of the preceding depolarization increased. 
The upper four records in Fig. 8 were taken at intervals of 10-20 sec in order of increasing depolari- 
zation, and therefore the spikes in the uppermost records would be depressed by the prolonged 
depolarization. It is, however, clear qualitatively that the amplitude of the spike decreases with 
decreasing membrane potential. When the membrane was depolarized to the extent of 30 mV or 
more, it became impossible to set up a complete spike antidromically in the wake of the series of 
action potentials evoked by the depolarization itself. In this condition an antidromic impulse 
succeeded only in producing the diminished NM type of spike, as is illustrated by the most 
densely superimposed traces of the top record of Fig. 8. 


Thus there is the same failure of invasion, both when the membrane is 


heavily depolarized and the activation mechanism is continuously partially 


engaged, and when the membrane is hyperpolarized and the axonal currents 
are insufficient to depolarize the membrane to the extent of setting off the 
activation mechanism. Furthermore, when blockage occurs by depolarization, 
local responses of graded intensity appear, increasing and prolonging the 
NM spike. Thus in several respects the types of responses scl . the 
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bottom and in the top records of Fig. 8 are similar. There occur NM spikes, 
NM spikes with variable degrees of local response, and one or more delayed 
SD spikes. 

It is evident from the records of Figs. 5B and 8 that the rate of rise of the 
NM spike also varies directly with membrane potential. In this respect the 
NM spike does not react like the displacement of membrane potential produced 
by a fixed current pulse, which on account of the negligible rectification would 
be the same regardless of the membrane potential at which it was set up. This 


—88 


msec 
Fig. 7 Fig. 8 
Fig. 7. Stages of blockage of the antidromic spike in relation to the initial level of membrane 
potential. Initial membrane potential (indicated to the left of each record) was controlled 
by the application of extrinsic currents. Resting potential was at —80 mV. The lowest 
record was taken after the amplification had been increased and the stimulus had been 
decreased until it was just at threshold for exciting the axon of the motoneurone. Voltage 
scale applies to all but the lowest record, for which the amplification was increased 4-5 times. 


Fig. 8. Action potentials in a motoneurone elicited by antidromic impulses at various levels of 
membrane potential. Membrane potential (indicated alongside each record) was controlled 
by extrinsic currents. Resting potential was at -81 mV. Records were taken in succession 
during depolarization at - 65, -58, —53 and —51 mV. In the latter two there was probably 
some depression of the spike due to the preceding relatively prolonged depolarization. 
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indicates that the region where the NM response is generated is affected by 
currents applied to the soma in the same way as is the region of the SD spike. 
As will be shown below, the NM spike is also similarly affected by the injection 
of ions from the microelectrode into the soma. 

Effect of injected tons on the spike. The effects of the intracellular injection of 
ions on the motoneuronal spike are consistent with the movements of sodium 
and potassium ions in the production of the spike, such as has been established 
to occur in other excitable cell membranes (cf. Hodgkin, 1951). When a 
depolarizing current was applied through a KCl or K,SO, electrode, there was 
at most a small change in the spike from which recovery occurred within 10 sec. 
This is attributable to the ineffectiveness of this method of increasing the 
internal potassium concentration (cf. p. 296). The injection of sodium ions, on 
the other hand, produced large changes and recovery was much slower, taking 
at least 5 min. These effects are satisfactorily explained by the combined 
actions of an increase in the intracellular sodium concentration and a decrease, 
due to displacement, of the intracellular potassium concentration. Immediately 
after the injection of sodium there was usually a failure of the antidromic 
impulse to set up an SD type of spike. Following the recovery from this 
blockage, or immediately after the injection, when blockage did not occur, the 
SD spike had rates of rise and of fall which were considerably less than normal 
(Fig. 9A). The slowed rise may be explained by a reduction of the external/ 


internal sodium concentration ratio and the slowed decline by a reduction of | 


the internal/external potassium ratio. 

It should be noticed that the NM spike has its size and rate of rise reduced 
by the injection of sodium ions just as does the SD spike and the two recover 
together. In fact the NM-SD blockage immediately after the injection appears 
to be due to a combination of two factors. The rate of rise and the size of the 
NM spike are reduced, while at the same time the threshold for evoking the SD 
spike is likely to be increased. 

Two complications arise in picturing the ionic changes taking place with the 
injection by a depolarizing current of large amounts of sodium over long 
periods of time. First, as the intracellular potassium ions are progressively 
replaced by sodium ions, the inward movement of chloride ions must carry an 
increasing proportion of the current across the membrane. As the cell thus 
becomes filled with sodium chloride, it would swell on account of the osmotic 
inflow of water. Secondly, when the injecting current lasts for several minutes, 
an appreciable fraction of the injected sodium ions would escape from the cell 
by outward passage across the surface membrane. There is evidence to indicate 
that sodium ions are removed from a cell at such a rate that virtually all the 
excess is extruded in 5-8 min. Thus even for the injections of Fig. 9, lasting 
2 and 2-5 min, an appreciable fraction of the sodium that has passed into the 
cell would have left again before the end of the injection. 
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A 


57 mV (A) 
5 mV (B, C) 
5 sec 15 sec 
90 sec 75 sec 


10 msec 10 msec 


Fig. 9. Effect of the injection of Na+ on the antidromic spike and after-potential of a motoneurone. 


After obtaining the top record in A, approx. 50 p-equivof Na+ (applying 4 x 10-* A for 120 sec) 
was injected into the cell and the further records in A were obtained at the approximate 
times indicated following the injection. Complete recovery had occurred by the time of the 
last record in A, and the top record of B was then taken. This was followed by the injection 
of approx. 75 p-equiv Na+ (applying 5 x 10-* A for 150 sec) and the remaining records in B 
and C were taken at the indicated times after the injection. In A the resting potential was the 
same 5 sec after the injection as before, although it is probable that the resting potential was 
not steady by the time of the first record, taken soon after penetrating the motoneurone. 
From 5 to 300 sec the resting potential climbed from -82 to —86 mV and was at the latter 
value for the top record in B. For the subsequent four pairs of records in B and C the resting 
potentials were approx. —74 mV (5-15 sec), —77 mV (75-90 sec), —87 mV (300-360 sec) 
and -—93 mV (600-620 sec.) In B and C a full action potential has been set up in each sweep, 
although the spike is not shown with the slow sweep and high amplification used to display 
the after-potential. Voltage scale applies to different parts of the figure as indicated. 
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_ The injection of tetramethylammonium ions allowed some observations to 
be made on the SD spike without the complications produced by rapid removal 
of the injected ions. Such an injection is far less effective than the sodium 
injection in producing NM-SD blockage, which may be attributed to the 
virtuwlly unchanged sodium concentration gradient across the surface 
membrane. Furthermore, as long as the membrane potential is not greatly 
depressed, this species of ion does not affect the rate of rise of the spike to the 
extent that sodium does. The rate of decline of the spike is however greatly 
depressed, due apparently to a displacement of internal potassium, although 
it is possible that there is a specific chemical effect on the spike mechanism as 
well, which acts to delay the falling phase. In some cells, after the injection 
of tetramethylammonium ions, the rate of decline of the spike was reduced 
from 120 V/sec to only 25 V/sec. With more massive injections the resting 
potential was reduced and NM-SD blockage occurred. There was usually some 
recovery from the effects of the injection of tetramethylammonium ions, but 
it was very slow. Possibly the diffusion of the ions out of the electrode served 
to balance losses from the cell to the exterior. 

Choline, when injected into cells, produced a drastic change in the time 
course of the spike, for which it is doubtful whether a sufficient explanation 
can be given in terms of the altered concentrations of ions traversing the 
membrane during activity. As appears in Fig. 10, after the injection of choline 
the spike declined slowly from its peak until a point was reached where the 
descent was suddenly accelerated. The delayed onset of the rapid decline 
indicates a separation of the processes responsible for the rise and the fall of 
the spike. It seems probable that the change is due to a specific effect of the 
internally applied choline on the spike mechanism. This is also suggested by 
the slow development of the effect subsequent to an injection and its seeming 
irreversibility. Thus the slow diffusion from a choline-filled electrode appeared 
to be sufficient to produce a gradual lengthening of the spike together with a 
reduction in the resting potential. 

On a few occasions choline-filled electrodes were introduced into the axons 
of motoneurones rather than into somas, a situation which could be recognized 
from the typical nerve fibre action potentials obtained there. The injection of 
choline into motor axons had no discernible effect on their action potential. 


The after-potential 

Description. Under normal conditions the recovery phase of the SD spike 
merges into a much more slowly declining depolarization, which in turn 
reverses into a hyperpolarization having a maximum at 5-10 msec and a total 
duration of about 100 msec (Brock et al. 1952). These slower potential changes 
have hitherto been called the negative and positive after-potentialsin accordance 
with the potential changes observed with extracellular recording. The present 
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investigation is restricted to the prolonged hyperpolarization, which will simply 
be referred to as the after-potential. 

Effect of changes of membrane potential on the after-potential. The generation 
of this after-potential could be effectively investigated by the use of extrinsic 


—61 
~ 

mV 

| ~87 

msec 10 msec 
Fig. 10 Fig. 11 


Fig. 10. Action potentials in a motoneurone on dosage with choline ions. Top record was obtained 
soon after penetrating the cell and before any injection ofions by current. Resting potential was 
about -60 mV. Following this, approximately 10 p-equiv of choline* (applying 1-5 x 10-°A 
for 60 sec) was injected into the cell, and the middle record was obtained within one minute 
of the end of the injection. The resting potential remained at -60 mV, After another few 
minutes the resting potential had fallen to - 45 mV and the bottom record was then obtained. 


Fig. 11. After-potentials of a motoneurone, occurring at various levels of membrane potential, 
as controlled by extrinsic current, For each record, the stimulus applied to the ventral root 
was adjusted to the critical strength at which the axon of the particular motoneurone was 
sometimes excited and other times it was not. The motoneurone was selected because it dis- 
played little inhibitory effect of Renshaw cells when the stimulus was at the threshold for 
exciting its axon. The membrane potentials in mV at which the action potentials were evoked 
are given alongside each record. The resting potential varied from -— 76 to - 79 mV. The spike 
component of the action potential does not appear in these records, the amplification being 
too high and the sweep too slow to display it satisfactorily. 
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currents, because, when once set into action, the underlying mechanism pro- 
ducing the membrane change was apparently not itself appreciably affected 
by the alterations of membrane potential. Decreasing the membrane potential, 
whileit decreased the spike potential (p. 307), markedly increased the amplitude 
of the after-potential (cf. Figs. 8 and 11). On the other hand, increasing the 
membrane potential above its resting level reduced the after-potential. 
Depending upon the effectiveness of the NM spike in setting up the SD spike, 
the membrane potential might be increased to a level at which hardly any 
after-potential was developed. Further increase in membrane potential caused 
failure of the SD spike. 

In order to investigate the effect of greater hyperpolarization the device was 
adopted of starting the hyperpolarizing current immediately after the spike 
had been set up and maintaining it during the period of the after-potential. 
An example of this appears in Fig. 13, where arrows are used to indicate 
corresponding times during the response with and without hyperpolarization. 
The arrows also indicate which of the two types of trace in each record is the 
after-potential following the spike, as distinct from control sweeps obtained 
when the motoneurone was not activated. The identity of these two types was 
satisfactorily established in other records in which they were obtained 
separately. It appears that with sufficient hyperpolarization the after- 
potential may be obtained in inverted polarity. Furthermore, it is shown that, 
if the hyperpolarizing current is terminated during the after-potential, the 
latter simply reverts to the voltage that it would have in the absence of a 
hyperpolarizing current. 

The usual procedure in the above investigations (illustrated in Figs. 8, 11, 13 and 14) was to 
have the stimulus applied to the ventral root just at threshold strength for the axon of the parti- 
cular motoneurone under observation. Since the motoneurone would not be activated every time, 
the superimposed sweeps would fall into one or other of two wave forms, the first being due to the | 
stimulation of other axons and the second to the superposition on this background of the response 
of the motoneurone to stimulation of its axon. When the membrane potential of the cell was 
altered, it became necessary to readjust the stimulus strength on the ventral root in order to 
remain at the threshold for activation of the axon of the particular motoneurone. Apparently the 
current applied to the soma spread along the axon to the site of stimulation in the ventral root and 
consequently the excitability there was altered. This rather exacting procedure was adopted in 
order to determine and allow for the inhibitory synaptic potential occurring as the result of the 
excitation of Renshaw cells by motor-axon collaterals (Eccles, Fatt & Koketsu, 1954). This 
inhibitory synaptic activity is the cause of the deviations in the control sweeps in Figs. 8 and 13 
beginning at about 2 msec from the first signs of electrical activity. The value of the present pro- 
cedure depended upon the circumstance that the collaterals of a given motor axon do not specially 
produce an inhibition of that cell. Nevertheless, the quantitative study of the after-potential, 
as in Fig. 12, was possible only when Renshaw inhibitory activity was relatively small or absent. 
The resolution of inhibitory synaptic potential and after-potential would necessitate an analysis 
that at present rests upon an uncertain theoretical foundation. 


The amplitude of the after-potential had an approximately linear relation- 
ship to the membrane potential at which it occurred. An example appears in 
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Fig. 12, where the peak amplitude of after-potential is plotted. This is obtained 
from an extensive series of records, a few of which are illustrated in Fig. 11. 
The relation of after-potential to membrane potential strongly suggests that, 
just as with the spike, the after-potential owes its existence to a permeability 
increase of the membrane toward some particular species of ions. The ions 
would move along their electrochemical gradient across the membrane, their 
rate of passage (or flux) being proportional to the displacement of the membrane 
potential from the level at which the ions on the opposite sides of the membrane 


0 T T 


After-potential (mV) 


-90 -80 —70 
Initial membrane potential (mV) 


Fig. 12. Plot of the peak amplitude of after-potential against membrane potential. Part of the 
series of records from this motoneurone is illustrated in Fig. 11. A straight line has been 
fitted to the plotted points. Broken line indicates the relation that would obtain if there was 
complete compensation by the after-potential. Resting potential varied from -76 to 
-79 mV. Negative values of after-potential indicate increase of internal negativity. 


would be in electrochemical equilibrium. Investigations on fourteen moto- 
neurones indicated that the equilibrium level at which there was no after- 
potential, and hence no net flux of the critical ions, was in the range of — 80 
to —100 mV with a mean of —89 mV. In nearly all cases this equilibrium 
level was found by extrapolation as in Fig. 12. The slope of the plotted curves 
indicates the fractional displacement of potential toward the equilibrium level 
or, viewed in another way, the degree of compensation during the after- 
potential for any alteration in potential which has been produced by a fixed 
current. Values of this quantity at the peak of the after-potential ranged in 
different experiments from 15 to 40%. In the experiment of Fig. 12 the 
fractional displacement of potential was 37%. 
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When for any cause the SD spike failed to be set up by an antidromic 
impulse, the characteristic after-potential did not appear. Under normal 
conditions (i.e. with the cell initially at its resting potential), although the NM 
spike attained a height which was a considerable fraction of the SD spike, it 
was not followed by any detectable after-potential in the direction of a hyper- 


polarization. Where such an after-potential has been described as a prominent 


accompaniment of the NM spike (cf. Brock et al. 1953), it is probable that what 
was actually observed was an inhibitory hyperpolarization effected via 
Renshaw cells, which were activated by the collaterals of all the stimulated 
motoraxons. Such a misinterpretation was avoided here by having the stimulus _ 
straddle the threshold of the axon of the particular motoneurone under 
observation. Although there was normally no identifiable after-potential 
following the NM spike, a transient hyperpolarization did occur after the NM 
spike when the membrane was initially depolarized with a large extrinsic 
current (cf. top record of Fig. 8). This must be attributed to the condition of 
the membrane in the o where the NM spike is generated. A phenomenon 


Fig. 13. Effect.of a large hyperpolarization on the after-potential of a motoneurone. In A there 
is no extrinsic current; in B a pulse of hyperpolarizing current starts late on the falling phase 
of the spike and lasts about 20 msec, occupying the middle two-thirds of the sweep. Arrows 


in A and B indicate corresponding times with respect to the start of the spike, and — 
which of the two types of trace in each record follows the spike. 


of the same nature was recorded with the microelectrode in motor axons which 
were depolarized (p. 319). The hyperpolarization observed under these condi- 
tions was of much shorter duration (about 5 msec) than the after-potential of 
the SD spike. This is seen clearly in Fig. 14, where the transient hyperpolariza- 
tions are shown in a depolarized motoneurone following SD and NM types of 
spikes, 

The effect of injected ions on the after-potential. The injection of different 
species of ions was a useful procedure for deciding the type of permeability 
change producing the after-potential. As in the case of the spike, no anion 
species was observed to have a direct effect, that is, an effect which was not 
secondary to a change in resting potential. The injection of potassium ions 
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also had no effect, but this is of no diagnostic value, since it would not be 


possible by this means to alter appreciably the internal potassium concentra- 
tion (cf. p. 296). On the other hand, the injection of sodium ions gave definite 
indications of the involvement of cations in the generation of the potential. 
The injection of doses of about 50 p-equiv resulted in the after-potential being 
reduced considerably in amplitude, an effect’ which occurred simultaneously 
with the prolongation of the spike (cf. p. 309). This effect could not be due to a 
direct participation of a flux of sodium ions in the generation of the after- 
potential, since increasing the internal sodium concentration would then have 
had the opposite effect from that observed, i.e. there would have been an 


increased hyperpolarization if this cation species were to move from an in- — 


\ 
10msec 


Fig. 14. Records of antidromic response elicited in the same cell as in Fig. 11-12 and again with 
the stimulus just at threshold for the axon. For both records the initial membrane potential 
was about -55mV. Examination of the response with a lower amplification and faster 
sweep showed that during the upper record complete spikes were set up, while during the 
lower record, taken about 30 sec later, only NM spikes occurred. The high frequency electrical 
noise appearing in these records is an artifact consequent on passing large currents through 
the microelectrode. 


creased internal concentration. Thus it may be concluded that the injection of 
sodium has operated by displacing the predominant species of internal cation, 
viz. the potassium ion, which itself moves across the membrane during the 
after-potential. Following an injection of sodium, recovery occurred from the 
depression of the after-potential over the same time-course that has already 
been described for the lowering of the resting potential and the prolongation 
of the spike. The whole sequence of changes following the injection of sodium 
is illustrated in Fig. 9. The lowering of the resting potential would by itself 
have increased the after-potential rather than have decreased it. 

The effect of the injection of sodium ions was analysed further by making 
a few measurements at different membrane potentials (varied by means of 
extrinsic current) before and after injection. The effect of injecting sodium, 
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and thereby reducing the internal potassium concentration, was found to be a 
shift in the equilibrium position for the after-potential, i.e. the level of membrane 
potential at which there was zero after-potential. Qualitatively, the same 
dependence of after-potential on membrane potential was observed before and 
after injection, but the rapid recovery from the effect of the injection did not — 
permit complete curves to be plotted. As with the effect on the spike, the 
injection could be repeated in the same cell and recovery would occur each 
time within a few minutes. With large injections, failure of the SD spike pre- 
vented after-potentials being obtained immediately after the injection. Also, 
when the resting potential had risen beyond its initial level, at about 8 min 
from the injection, NM-SD blockage sometimes occurred. If during this late 
increase of resting potential the SD spike did not fail, the after-potential was 
reduced just as would be predicted for the increase in membrane potential on 
the assumption that the cell was otherwise normal. This agrees with the 
suggestion that the high resting potential is due to a continued efflux of sodium 
ions and is not associated with any significant alteration in potassium ion 


concentration (cf. p. 297). 


The injection of tetramethylammonium ions permitted more complete 
measurements to be made of after-potential versus membrane potential, 


because, following the injection, recovery was either very slow or absent. The 


results thus obtained point to the conclusion that has already been reached 


from the injection of sodium ions. The after-potential was reduced simul- 


taneously with the reduction of the resting potential and the slowing of the 


rate of decline of the spike. The plotting of after-potential against membrane 
_ potential showed the linear relationship both before and after the injection. 


In Fig. 15 the principal effect of the injection is seen to be a shift of the equi- 
librium for the after-potential to a lower level of membrane potential. In 
addition there is a small, but significant, reduction of slope, which is in agree- 
ment with the idea that there has been a reduction in the concentration of the 
internal cation which moves during the after-potential. 


Membrane properties of structures other than the motoneuronal soma 

On probing the spinal cord with the microelectrode large negative potentials (- 50 to - 80 mV) 
were sometimes obtained which could not be related to the motoneuronal soma by the wave forms 
produced on testing with various nerve volleys. In some cases they could be identified as due to 
the penetration of afferent or efferent nerve fibres. With the techniques at hand, results obtained on 
the motor axon contrasted with those described for the motoneuronal soma. Resting potentials 
obtained from the motor axon were not reliable, because there was usually evidence of injury: 
there was an initial discharge of several action potentials set up by the penetration, and the resting 
potential fell gradually while the electrode remained in the fibre. On applying current with a 
donble-barrelled electrode the resistance from the inside of the cell to the surroundings was found 
to be several times greater in the axon than in the soma. The resistance was of the order of 5 MQ 
on hyperpolarizing, with a somewhat lower value of about 3-4 MQ on depolarizing. 

The axon spike had usually a simpler form than the soma spike; but when there was considerable 
injury, the spike might be divided into two distinct components, due evidently to the action of two 
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nodes of Ranvier. With progressive injury the slightly later component would fail, there being 
apparently a failure to excite the node nearest the point of penetration. In a relatively uninjured 
axon the amplitude of the spike deflexion could be greatly altered by shifting the membrane 
potential with extrinsic currents. On hyperpolarizing the membrane, the spike deflexion was 
- increased, In the example of Fig. 16, at the peak of the spike there was a compensation of about 


70% of the initial shift of membrane potential. Depolarization caused the spike to decrease, but 


there soon occurred an abrupt failure presumably at the nearest node of Ranvier. 

In most axons from which potentials were recorded there was no after-potential, such as has 
been described for the motoneurone soma, However, in a few cases, a prolonged hyperpolarization 
of 1 to 3 mV followed the spike. In each such case, testing with afferent nerve volleys yielded 
synaptic potentials of up to a millivolt in amplitude. It was therefore concluded that in these cases 
the electrode was lodged in the motor axon not far from the cell body, and that the after-potential 


Initial membrane potential (mV) 
T 


After-potential (mV) 


3 
c 
-20 -10 0 +10 +20 +30 +40- 

Current (mA) 
Fig. 15, Effect of injecting tetramethyl ium ions on the relationship of after-potential to 


initial membrane potential to extrinsic current, In upper part after-potential is plotted 
against initial membrane potential. In lower part membrane potential is plotted against 
extrinsic current, There are corresponding points in the two parts of the figure. Points O 
were obtained before, and points + after, the injection of approximately 20 p-equiv (CH,),\* 
(applying 3 x 10-* A for 60 sec). Point @ represents measurement made at the start of current 
used for injection. Each set of points is fitted with a straight line. Broken lines indicate 
approximate resting potentials before and after injection. 
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as well as the synaptic potential were recorded only after electrotonic spread to the position where 
potentials were led from the axon. Hyperpolarization of the axon membrane caused the appearance 
of a prolonged state of recovery from depolarization following the spike, i.e. a ‘negative after- 
potential’ (cf. Fig. 16). It is likely that this represents the normal response, since axons were 
usually depolarized tosome extent by penetration with the electrode. The time courseof the axonal 
action potential would thus agree with the description of Lloyd (1951), who used a less direct 
method of recording, butone which wouldnotinjure the axons. On depolarization, this late phase of 
the action potential did not appear in inverted form, i.e. as a transient hyperpolarization, such as 
would be expected if it were produced in a way similar to the after-potential recorded in the soma. 


Fig. 16. Action potentials recorded within a motor axon on alteration of initial membrane 
potential with extrinsic currents. Records on extreme right and left obtained before applying 
extrinsic current with microelectrode, although there may already be some current due to 
injury of axon. Second, third and fourth from left obtained with increasing inward (hyper- 
polarizing) current. Vertical position throughout figure represents membrane potential. 
Voltage scale applies to all records. Time scale on left applies to all records except that on 
extreme right. 


Under conditions of a depolarization, a transient hyperpolarization did follow the spike, but this 
had a duration of only 3-5 msec. It would appear probable that this latter effect was due to an 
extension of the mechanism which produces the rapid fall of the spike, i.e. the brief phase of high 
potassium conductance (Hodgkin, 1951). 

Occasionally, in searching for cells within the spinal cord, large negative potentials (about 
~70 mV) appeared, from which no alteration could be elicited by testing nerve volleys. As the 


appearance of these potentials was abrupt and they could be recorded undisturbed over long | 


periods, it was presumed that they represented the resting potentials of large cells. With the 
application of the double-barrelled electrode, it became possible to test the direct electrical 
excitability of these structures. It was found, surprisingly, that they could not be activated by 
depolarizing currents, although the depolarization could be made quite large since these structures 
displayed resistances of up to several megohms, It has been concluded that the electrode may in 
these cases have become lodged in non-neural cells, possibly large neuroglial cells. 


DISCUSSION 
Evidence for active ionic fluxes : 
The evidence may now be adduced which bears out the suggestion that there 
are large fluxes of ions across the membrane of resting neurones in the central 
nervous system. It has been shown that, after sodium ions have been injected 
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into a cell and the response of the cell has thereby been altered, complete 
recovery to the initial condition occurs within 5-8 min. In some cells thus 
treated there is a subsequent augmentation of membrane potential (i.e. in- 
crease of internal negativity), which is attributable to a direct effect of the 
sodium ion flux out of the cell. The efflux of sodium ions would be in opposition 
to the electrochemical potential difference for this species of ion. It must 
therefore depend upon the operation of an ‘ion pump’ consuming metabolic 
energy. In contrast, there was only very slow recovery from the effects of 
tetramethylammonium injection, which were in several respects similar to 
those produced by sodium. The ion pump would thus appear to extrude sodium 
ions selectively. What recovery did occur after tetramethylammonium injection 
is explicable by passive diffusion out of the cell, since there would be no 
significant concentration of tetramethylammonium in the external environ- 
ment. 

It is also necessary to postulate an ion pump in order to account for the 
after-potential, in the form of a hyperpolarization, occurring in the moto- 
neurone under normal conditions of membrane potential. There is good evidence 


that this after-potential is due to the net outward flux of potassium ions 


consequent upon a specific permeability increase toward these ions, and that 
there is a potassium equilibrium at a membrane potential some 20 mV 
higher (internally more negative) than the resting potential. Expressed 
otherwise, at the resting potential the internal potassium ion concentration 
is too great to be retained within the cell in equilibrium with the external 
medium. An ion pump operated by metabolic energy must therefore carry 
potassium from the exterior into the cell in order to balance the loss by 
diffusion. 

Metabolically driven pumps selectively transporting sodium ions outward 
and potassium ions inward have been postulated to exist in other cell membranes 
(cf. Hodgkin & Keynes, 1954). However the motoneuronal membrane may be 
distinctive in the intensity of these pumps. The relatively high conductance 
of the resting membrane would permit a large leakage of ions which would 
have to be balanced by pump activity. With pumps playing a prominent part 


in ionic movements, the membrane potential may not be determined solely » 


by diffusion across the membrane of the various species of ions (cf. Grundfest, 
Kao & Altamirano, 1954). If the movement of different ions by the pump was 
so balanced that there was no net transfer of charge, the membrane potential 
would be determined by the concentrations of, and passive permeabilities 
toward, all the different species of ions on the two sides of the membrane. 
Calculations have been made for such a condition in the giant axon of the 
squid (Hodgkin & Katz, 1949). If, on the other hand, the pumps produce a net 
transfer of charge, the membrane potential may take on quite different values. 
The raised resting potential appearing some minutes after the injection of 
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sodium ions suggests that the latter condition applies here. It further suggests 
that the level of activity of the sodium pump is determined by the internal 
concentration of sodium ions. 


Membrane resistance of the motoneurone 


From the resistance measurement made with an electrode in the soma an 
approximate estimate may be made of the specific membrane resistance (i.e. 
resistance for unit area of membrane). Taking the cell to be a simple sphere of 
70. diameter its surface area will be 1-5x10-cm*. From the resistance 
between inside and outside of 1 MQ, the specific membrane resistance is found 
to be 150Q cm’. The cell may be more accurately represented by adding on to 
this spherical cell body six dendrites of 5y diameter and indefinitely great 
length and by assuming uniform membrane resistance throughout this whole 
structure. Using an internal specific resistivity of 50Q cm, which is approxi- 
mately that of Ringer solution at 38° C, the specific membrane resistance is 
calculated on the basis of cable theory to be 5002 cm?. It can also be shown 
that, of the total conductance (10-*Q-), only about 30% would be due to the 
soma, the rest being contributed by the dendrites. The length constant within 
these dendrites would be about 350 p. 

Given the value of the electric time constant, the specific membrane capacity 
can be calculated. On account of electrical artifacts (p. 292) it is not possible 
to determine the electric time constant from the time course of the potential 
change at the beginning or end of a current pulse. The later part of the simplest 
post-synaptic potentials, produced in monosynaptic excitation and direct 
inhibition, appears to be determined by a passive decay of charge, which has 
been placed on the membrane capacity during the brief initial phase of trans- 
mitter action. If it be assumed that synaptic activity is distributed uniformly 
over the surface membrane of the cell body and dendrites, which enter into the 
electrical system under observation, then the rate of decay of this potential 
should be exponential and give directly the electric time constant of the 


- membrane. The decaying phase of the synaptic potential approximates to an 
exponential decay with a time constant of about 4 msec (Brock e¢ al. 1952). 


Considered together with the estimated specific resistance, this would give a 
specific membrane capacity of 8uF/cm?. Although a specific membrane 
capacity of this order has been found in muscle fibres, it is much greater than 
the value of about 1F/cm?* found in other nerve membranes. 


Intracellular concentrations produced by von injections 
It has not been attempted in this paper to make the injection of ions strintly 
quantitative. Nevertheless, it might be enquired what amount of ion could 
reasonably be expected to produce an appreciable change in the internal com- 


position. A spherical cell with a diameter of 70 would have a volume of 
21 PHYSIO. CXXX 
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1-8 x 10-7 cm®. To this might be added the volume of six cylindrical dendrites, 


each 5 in diameter and 350, long, thus bringing the total effective volume 
to 2:3 x 10-7 cm’ and making the total surface area 4-8 x 10-*cm?. At a con- 


centration of 150 m-equiv/l., the quantity of cation contained in such a cell ]} 


would be 35 p-equiv. Experimentally, effects were produced by the injection 
of sodium in amounts of 10 to 20 p-equiv, although several times this amount 
was used to produce the more striking effects illustrated in this paper. It 
suggests that the effective volume is being underestimated with the cell model 
used here. Taken together, all the estimates of cell properties based on the 
model, i.e. specific membrane resistance, specific membrane capacity and 
alteration of intracellular ionic concentration produced by a known injection, 
have unusual values, suggesting that there has been a considerable error in 
the specification of the model and that in reality the cell is larger than has 
been supposed. Reasonable results could be obtained in the above calculations 
if both the effective surface area and the effective volume of the model were 
increased by a factor of at least two. For the surface area and volume to be 
thus increased, the dendritic processes must contribute rather more than has 
thus far been allowed. 


The results described in this paper are ‘ainiellie with the idea that the 


rising phase of the spike is due to an influx of sodium ions which is quickly 
terminated and replaced by an efflux of potassium ions, such as has been 
described for other excitable structures. The movement of potassium ions in 
this scheme would be responsible for the rapid falling phase of the spike. The 
long after-potential which follows the spike would be due also to a movement 
of potassium ions consequent on a permeability increase toward this species of 
ion. It has been assumed that the potentials seen are those occurring in the 
cell body, because of the large size of the cell body and the consequent likeli- 
hood of penetrating it with a microelectrede. But there is still no direct 
evidence to show in precisely what regions of membrane the described ionic 
movements occur, as distinct from where potential changes occur. 


"SUMMARY 


1. The technique is described by which a doubis:Aieiidied Sienooliales 
microelectrode is used, in the anaesthetized cat, for recording potentials from 
a motoneurone that is being subjected to extrinsic electric currents. The 
further technique is described of injecting various species of ions into moto- 
neurones. By these means it is possible to control the membrane potential and 
_ the concentration difference of various ions across the membrane, two factors 
which are of primary importance in the excitatory activity of the membrane. 

2. The membrane potential was diminished only slightly (0-10 mV) by 
large increments in intracellular concentration of Cl’, Br and NO, . It was 
diminished to the extent of about 10 mV by injections of Na* or (CH,),N* 
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of the order of 50 p-equiv. The latter effect is attributed to a greater per- 
meability of the membrane toward the normally occurring internal K* than to 
the injected cations which replace it. Following an injection of Nat, the 
membrane potential returned to its original level in 5-8 min and thereafter 
often increased beyond its original value. 

3. The resistance measured between the inside and outside of a-moto- 
neurone during the application of a prolonged current amounted to 0-4-1-3MQ. 
In any given cell the relation of membrane potential to applied current was 
nearly linear over the range in which observations could be made. The re- 
sistance could be increased temporarily by the injection of Na*. | 

4. With the application of outwardly directed pulses of current, action 
potentials were initiated in the motoneurone when the membrane had been 
depolarized to a critical extent of about 10 mV. When the pulse was just 
suprathreshold, action potentials were initiated 3-8 msec from the start of 
the depolarizing current. This threshold, obtained by direct stimulation, was 
nearly the same as that for the setting-up of an action potential by the 
excitatory post-synaptic potential. 

5. If a motoneurone was normally completely invaded antidromically, a 
hyperpolarizing current could induce blockage at either of two stages in the 
invasion, In one type of blockage a spike-like deflexion of about 30 1” 
amplitude remained (the NM spike). In the other type a deflexion of only 
1-5 mV amplitude remained (the M spike). In many motoneurones either one 
or the other type of blockage normally occurred. It was then possible torelieve 
this blockage by initially depolarizing with an applied current. When a strong 
depolarizing current was applied, a train of action potentials was initially 
evoked and following this it was possible to obtain only an NM spike as the 
response to antidromic stimulation although with less depolarization com- 
plete invasion was obtained (Fig. 8). 

6. The amplitude and rate of rise both of the complete spike and of the NM 
spike diminished with increasing depolarization and with increasing duration 
of a steady depolarization. The injection of sodium ions decreased the amplitude 
of the spike and prolonged its rising and falling phases, recovery occurring in 
about 5 min. The injection of tetramethylammonium and choline ions also 
caused a decrease and prolongation of the spike, choline being particularly 
effective in delaying the recovery phase of the spike. Usually these effects 
were irreversible, though with the former species of ion there may be a very 
slow recovery. 

7. When the membrane potential was inal by applied currents, the 
after-potential, which followed the spike and was normally in the form of a 
prolonged hyperpolarization, varied in the inverse sense. Reversal of the after- 
potential to the form of a depolarization occurred when the membrane 


potential was increased about 20 mV beyond the resting potential. During the 
21-2 


4 
- 
ll 
ey 
t 
e 3 
a 
d 4 
n 
1s 
e 
e 
n 
n 
t 
- 
| 
4 
T 
)- 
y 4 
a 
+ 
>, 


324 J. 8. COOMBS, J. 0. ECCLES AND P. FATT 


after-potential there was a displacement of potential toward this reversal 
potential by about 30%. 

8. The injection of Nat or (CH,),N* ions into the motoneurone diminished 
the after-potential for a given membrane potential and lowered the reversal 
potential. It was concluded that this effect was due to a displacement of 
intracellular K* by the injected cations and that the after-potential is generated 
by a movement of K* across the membrane, which has an increased per- 
meability toward this ion species. Consequently, K* would be in equilibrium 
across the membrane when its potential is at the reversal potential for the 
after-potential, i.e. at about 20 mV above the normal resting potential. 

9. The K* concentration within the cell is too high to be retained within it 
at the normal resting potential and an ion ‘pump’ must be present, expending 
metabolic energy in transporting K* ions inward as rapidly as they passively 
diffuse outward through the membrane. In addition, the presence of a Na* 
‘pump’ is indicated by the recovery of membrane potential after an injection 
of this ion species, but not after (CH,),N*, and by the later increase of mem- 
brane potential above the resting level. The latter effect requires that in the 
operation of the Na* ‘pump’ there is a net transfer of charge across the 
membrane, that is, the outward transport of Na* is not balanced by the 
transfer in the appropriate direction of an equivalent charge of other ions by 
the ‘pump 


REFERENCES 


J. E. J. (1941). Potassium accumulation in muscle and associated changes. 

hysiol. 100, 1 

Brook, L. G., bosses S. & Eocrzs, J. C. (1952). The recording of potentials from moto- 
neurones ‘with an intracellular electrode. J. Physiol. 117, 431-460. 

Brook, L. G., Coomss, J. 8. & Ecois, J. C. (1953). Intracellular recording from antidromically 
activated motoneurones. J. Physiol. 122, 429-461. 

Brook, L. G. & Molnryrs, A. K. (1953). Responses of motoneurones to stimulation by internal 

microelectrodes. Proc. Univ. Otago med. Sch. 31, 19-20. 

Coomss, J. 8., Eccims, J. C. & Fart, P. (1955). The specific ionic conductances and the ionic 
movements across the motoneuronal membrane that produce the inhibitory post-synaptic 
potential. J. Physiol. 130, 326-373. 

Eccrzs, J. C. (1952). The electrophysiological properties of the motoneurone. Cold Spr. Harb. 
Symp. quant. Biol, 17, 175-183. 

Ecouzs, J. C., Fart, P. & Koxersv, K. (1954). Cholinergic and inhibitory synapses in a pathway 
from motor axon collaterals to motoneurones. J. P ysiol, 126, 524-562. 

Eoouss, J. hin Fatt, P., Lanperen, 8. & Winssury, G. J. (1954). Spinal cord potentials 
generated "by volleys in the large muscle afferents. J. Physiol. 125, 590-606. 

R. W. (1937). i i Proc. Ass. Res. nerv. ment. Dis. 18, 
316-345. 


a (1943). Potential, impedance and fectification in membranes. J. gen. Physiol. 
27, 37 


Grunprsst, H., Kao, C. Y. & Avrammano, M. (1954). Bioelectric effects of ions microinjected 
into the giant axon of Loligo. J. gen. Physiol. 38, 245-282. 


Mal a A. (1946). Asphyxial depolarization in the spinal cord. Amer. J. Physiol. 147, 
Hovorsy,& L, (1951). The ionic basis of electrical activity in nerve and muscle. Biol. Rev. 26, 


« 
ux 
Hor 
Ho! 
Hot 
Lia 
AS 
RE 
4 
| 
a 
Be 
2g 
+ 
| 
te 
£ 
3 


ELECTRICAL PROPERTIES OF MOTONEURONE 325 


Hopexm, A. L., & Karz, B. (1949). The effect of sodium ions on the electrical activity of the giant 
axon of the squid. J, Physiol. 108, 37-77. 

Hopes, A. L. & Keynes, R. D. (1954). Movements of cations during recovery in nerve. Symp. 
Soc. exp. Biol. 8, 423-437. 

(1930). Oxidation in central and peripheral nervous.tissue. Biochem. J. m4, 
914-9 


Luoyp, D. P. C. (1951). After-currents, after-potentials, excitability and ventral root shite 
tonus in spinal motoneurones. J. gen. Physiol. 35, 289-321. 

Nastux, W. L. & Hopexm, A. L. (1950). The electrical activity of single muscle fibres. J. cell. 
comp. Physiol. 36, 39-73. 

RensHaw, B, (1942). Effects of presynaptic volleys on spread of impulses over the soma of the 
motoneurone. J. Neurophysiol. 5, 235-243. 

Ussine, H. H. (1949). Transport of ions across cellular membranes. Physiol. Rev. 29, 127-155. 


Woopsury, J. W. & Patron, H. D. (1952). Electrical activity of single spinal cord elements. 
Cold Spr. Harb. Symp. quant. Biol. 17, 185-188. 


= 
a 
ay 
¥% 
xg 


J. Physiol. (1955) 130, 326-373 


THE SPECIFIC IONIC CONDUCTANCES AND THE IONIC 
MOVEMENTS ACROSS THE MOTONEURONAL MEMBRANE 
THAT PRODUCE THE INHIBITORY POST-SYNAPTIC 
POTENTIAL | 


By J. 8. COOMBS, J. C. ECCLES anp P. FATT 


Department of Physiology, The Australian National 
University, Canberra, Australia 


(Received 28 March 1955) 


In the first account of potentials recorded intracellularly from motoneurones 
by microelectrodes, it was reported that inhibitory synaptic action evoked a 
hyperpolarization of the neuronal membrane (Brock, Coombs & Eccles, 1952), 
which is the reverse potential change from that produced by excitatory 
synaptic action. This inhibitory post-synaptic potential (i.p.s.p.) of moto- 
neurones appears to be analogous to the hyperpolarizing responses that have 
been observed during inhibitory action on other tissues, for example, during 
inhibition of cardiac muscle (Gaskell, 1887; Monnier & Dubuisson, 1934; 
Burgen & Terroux, 1953) and of crustacean muscle when the membrane 
potential is abnormally low (Fatt & Katz, 1953). 

There is now much evidence that the excitatory responses of nerve and 
muscle cells are caused by specific increases in the permeability of the surface 
membrane to ions and the consequent ionic fluxes, and not, for example, by 
changes in the membrane capacity (cf. Cole & Curtis, 1939; Hodgkin, 1951). 
On this basis the electrical responses of giant nerve fibres and of muscle fibres 
have been satisfactorily explained by the movements of Na* and K* ions 
across the surface membrane (cf. Hodgkin, 1951; Hodgkin & Huxley, 1952c). 
Also the excitatory response at the neuromuscular junction (the end-plate 
potential) has been satisfactorily explained by the postulate that the neuro- 
muscular transmitter causes a large transient increase in the permeability of 
the end-plate membrane to all ions (Fatt & Katz, 1951; Castillo & Katz, 1954). 
However, there has as yet been no complete explanation of the inhibitory 
responses of crustacean muscle (Fatt & Katz, 1953) or cardiac muscle (Burgen 
& Terroux, 1953). There is evidence that an increased permeability to K* ions 


occurs at both junctional regions, but at least with crustacean muscle it had 
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to be postulated that there was also an increased permeability to some other 
ion species which like K* ions would normally be close to electrochemical 
equilibrium. 

The present paper gives an account of investigations designed to discover 
the ionic movements that are responsible for producing the i.p.s.p. of moto- 
neurones. It has been found that identical ionic mechanisms are concerned in 
five types of inhibitory synaptic action that are exerted on motoneurones in 
the spinal cord: direct inhibition of antagonist motoneurones by group Ia 
impulses from the annulo-spiral endings of muscle spindles (Lloyd, 1941, 1946; 
Laporte & Lloyd, 1952; Bradley, Easton & Eccles, 1953); the disynaptic 
inhibition by group 1d impulses from Golgi tendon organs (cf. Granit, 1950; 
Laporte & Lloyd, 1952); the polysynaptic inhibition by group III muscle 
impulses (Lloyd, 1943);.the polysynaptic inhibition by cutaneous impulses 
(Renshaw, 1942; Hagbarth, 1952); and the disynaptic inhibition by impulses 
in the motor axon collaterals, which will henceforth be called antidromic 
inhibition because it can be evoked by antidromic volleys (Renshaw, 1941; 
Kccles, Fatt & Koketsu, 1954). However, most of the investigation has been 
concerned with the first and the last of the above series, which give the most 
satisfactory i.p.s.p.’s for experimental investigation, because with the simple 
techniques of direct nerve stimulation they may be obtained uncomplicated 
by excitatory synaptic action. The relation of the results presented here to the 
inhibitory suppression of the discharges of motoneurones will be considered in 
a later paper. 

A preliminary account of some of these investigations has been published (Coombs, Eccles & 
Fatt, 1953). The experimental procedures have already been fully described: the operative, and 
electrical procedures by Brock et a. (1952) and by Coombs, Eccles & Fatt (1955a); the micro- 
manipulator technique by Eccles, Fatt, Landgren & Winsbury (1954); and the extrinsic current 
and intracellular injection procedures by Coombs ef al. (1955). Throughout the investigations all 
photographic records have been formed by the superposition of many faint traces (usually about 40) 


in order to reject random noise. This ‘noise’ was often considerable when large currents were 
being passed through the microelectrode. 


RESULTS 

A. Effect of alterations in membrane potential on the i.p.s.p. . 
By passing a direct current through one barrel of a double microelectrode that 
has been inserted into a motoneurone, the membrane potential may be altered 
to any desired value within a wide range, as has been fully described in the 
previous paper (Coombs et al. 1955a)..The actual change in the membrane 
potential has been calculated as the potential alteration measured through the 
other barrel of the microelectrode less the potential drop that the current 
would cause in the coupling resistance between the two barrels of the micro- 
electrode (cf. Coombs et al. 1955a). All potential measurements designated 
membrane potentials have been so corrected. | : 
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In Fig. 1 (A-G) it is seen that the brief hyperpolarization (the i.p.s.p.) 
produced in a biceps-semitendinosus motoneurone by a volley in group Ia 
quadriceps afferent fibres at the normal membrane potential of ~74 mV (D) 
was greatly modified by relatively small changes in the membrane potential, 
being increased by depolarizations (A—C) and diminished or even reversed 
(E-G) by hyperpolarizations. There is much evidence that this volley from 
the antagonist muscle exerts a purely inhibitory action on the motoneurone 
(Lloyd, 1946; Laporte & Lloyd, 1952; Bradley et al. 1953), hence it appears 
that an increase in the membrane potential above the resting level actually 
reversed the sign of the i-p.s.p., i.e. it converted the normal hyperpolarizing 
i.p.8.p. into a depolarizing i.p.s.p. This is similar to the alteration of inhibitory 
junctional potentials with change in membrane potential that occurs in the 
crustacean muscle, although in that case the reversal normally occurs at the 
resting potential (Fatt & Katz, 1953). 

When plotted against the membrane potential, the corresponding peak 
voltages of the i.p.s.p. are seen to lie on a curve that crosses through zero at a 
membrane potential which may be called the ‘reversal-potential’ for thei.p.s.p. 
and which is approximately —80 mV in Fig. 2A, i.e. with the interior of the 
motoneurone 80mV negative to the external indifferent electrode. The 
simplest explanation of this reversal is that the i.p.s.p. is generated by the net 
flux of some specific type of ion (or ions) through the post-synaptic membrane, 
this flux being consequent on a specific increase of the membrane permeability. 
The ‘reversal-potential’ would thus represent the membrane potential at 
_ which there was equality of the electric charges carried by the fluxes in the two 
diré¢tions across the membrane. With the normal resting membrane potential 
there must be a net outward passage of charge in order to produce the observed 
hyperpolarizing i.p.s.p. (cf. Fig. 1D). Hence, for example if the specific ions 
are anions, the ionic flux must be preponderantly inward, and if cations, it 
must be outward. A more complex situation will exist if, as seems likely, both 
anions and cations are included in the specific group (cf. Discussion, § A). The 
upward convexity of the curve in Fig. 2 is characteristic of our most reliable 
experiments. The theoretical significance will be considered in the Discussion 
(§ D). 

As shown in Figs. 1H to N, the i.p.s.p. set up by an antidromic volley by 
means of the axon coliaterals and repetitive interneuronal discharges (Eccles 
et al., 1954) was almost identically affected by changing the membrane 
potential. This similarity both of reversal-potential and curvature is illus- 
trated in Figs. 2A and B, and in Table 1 the reversal-potentials are seen 
to be almost the same in the four neurones where both were determined. 
Furthermore, the mean reversal-potential was about 11-5 mV (extremes 5 
to 26) more negative than the mean resting potential in the eight moto- 
neurones where curves similar to that of Fig. 2 were drawn for the i.p.s.p. of 
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i. -P.S.p. 
Direct i.p.s.p. H Ant. i.p.s.p. Membrane potential (mV) 


mV A 3 
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Ant. i.p.s.p. (mV) 
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| (mV) 
Fig. 1 Fig. 2 
he 1. Potentials recorded intracellularly from a biceps di motoneurone by means 


of a double-barrelled microelectrode filled with 0-6 ste All records are formed by the 
superposition of about forty faint traces. A to G show potentials set up by the direct in- 
hibitory action of a group Ia quadriceps afferent volley, while with H to N the inhibitory 
action is exerted by an antidromic volley set up in L, and 8, ventral roots by a stimulus just 
below threshold for the axon of the motoneurone. The initial diphasic spike is the charac- 
teristic field potential produced by antidromic invasion of adjacent motoneurones. By means 
ofa steady background current through one barrel of the double microelectrode, the membrane 
potential has been preset at the voltage indicated on each record. In the absence of such 
current the membrane potential was - 74 mV. Potential and time scales apply to all records. 
Positivity of the microelectrode relative to the indifferent external electrode is recorded 
upwards. All voltages are given relative to this external reference electrode, hence hyper- 
polarization of the motoneurone is registered by an increasing negativity, i.e. by a downward 
deflexion, while the diphasic spike in the antidromic record (due to the external field from 
adjacent motoneurones) appears with an initial upward deflexion, which is the inverse of the 
usual convention, 


ig. 2. Maximum voltages of the i.p.s.p.’s of the series partly shown in Fig. 1 are plotted as 


ordinates against the respective membrane potentials as abscissae, A being for the direct 
i.p.s.p.’s and B for the antidromic i.p.s.p.’s. According to the convention adopted throughout 

this paper, hyperpolarizing and depolarizing i.p.s.p.’s are plotted respectively as negative 

and positive voltages. Points designated @ were obtained before, and those designated O 

some 9 min after, a depolarizing current of 5 x 10-* A for 90 sec, There was no significant 

change in the resting potential, the mean value being indicated by the arrows. 
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direct inhibition, and about 14 mV (extremes 7 to 25) more negative in the 


seven motoneurones where antidromic i.p.s.p. curves were drawn. 

The i.p.s.p.’s produced by three other types of inhibitory action have not 
been so systematically examined, but in all‘cases they have been similarly 
affected by variations in membrane potential, i.e. inhibitory actions by volleys 
in group Ib muscle afferents, in group III muscle afferents, and i in cutaneous 
afferents exhibit the same behaviour. | 


TaBLE 1. Membrane potentials of motoneurones and the reversal- cokeniiols 
for their hyperpolarizing responses 
All idiiie are those indicated by an intracellular electrode relative to the external reference 
electrode with due allowance for the potential drop in the coupling resistance. BST, FDL and GS 


signify biceps-semitendinosus, flexor digitorum longus and gastrocnemius-soleus motoneurones 
Reversal- potentials (mV) 
“Positive 
Salt in potential Direct Antidromic after 
Neurone type electrode (mV) i.p.8.p. i.p.8.p potential 
BST Na,SO, ~80 — ~95 
K,S0, 56 68 66 
BST 68 -77 -77 -81 
BST -80 ~81 
BST — 90 — — 
BST ((CH,),N),SO, -76 -81 
GS K,80, -~57 82 
BST K,80, 54 - 80 ~78 
? K,S0, -68 ~ 88 
Mean values - 80 — 88-5 


Discussion. The similarity of the reversal-potentials indicates that all types 
of i.p.s.p. are generated by essentially the same ionic mechanisms. In con- 
trast, the e.p.s.p. (excitatory post-synaptic potential) was reversed, i.e. 
changed to a hyperpolarizing potential, only when the membrane potential was 
itself reversed, i.e. changed to internal positivity (cf. Coombs e¢ al. 1953 and 
unpublished observations). Even when the i.p.s.p. has been changed to the 


depolarizing type, the effect of varying the membrane potential readily — 


distinguished it from the e.p.s.p. (cf. Figs. 3C, D; 9C, D; 13.4, B, C, K, L, M) 
because of the difference in the values: of the reversal-potentials, hence a dis- 


crimination was still possible when the recorded potential was a mixture of — 


i.p.s.p. and e.p.s.p. Thus, in respect of its reversal-potential the e.p.s.p. 
resembles the end-plate potential of the neuromuscular junction (Fatt & Katz, 
1951; Castillo & Katz, 1954), whereas the i.p.s.p. is similar to the inhibitory 
potential in crustacean muscle (Fatt & Katz, 1953). 

This investigation into the effect of varying the membrane potential leads 
immediately on to the question: What species of ions are concerned in 
generating the i.p.s.p.? Or, alternatively, the question could be formulated: 
What are the species of ions to which the post-synaptic membrane becomes 
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more permeable when it is acted on by inhibitory impulses? In an attempt to 
answer the question the most direct experimental procedure would be to in- 
vestigate the changes produced in the i.p.s.p. by altering ionic concentrations 
on one or other side of the post-synaptic membrane. For example the effect 
of varying the external potassium concentration has been studied in attempts 
to discover the ionic mechanisms producing the inhibitory potentials of 
crustacean muscle (Fatt & Katz, 1953) and mammalian heart (Burgen & 
Terroux, 1953). Analogous experiments on mammalian motoneurones in situ 
are technically difficult, and hitherto only a few preliminary attempts have 
been made. On the other hand, on account of the relatively small volume, 
large changes can readily be produced in the internal ionic composition of the 
motoneurone. As described in the subsequent sections these changes have been 
brought about either by diffusion of various salts out of the intracellular 
microelectrode or by the ionic movements that are produced when a current 
is passed through the motoneurone either from the indifferent electrode to the 
microelectrode, or in the opposite direction. Such currents would have re- 
spectively a hyperpolarizing and a depolarizing action on the motoneuronal 
membrane, and they have been designated accordingly. : 


B. Effect on the +.p.s.p. of diffusion of ions out of the microelectrode 
When a microelectrode filled with a concentrated chloride solution was 
inserted into a motoneurone, the i.p.s.p of that motoneurone usually showed a 


gradual change from a hyperpolarizing to a depolarizing response (Fig, 3 A-C). 


With a microelectrode having a resistance as low as 5 MQ, this inversion of 
the i.p.s.p. occurred very rapidly and after a few minutes a fairly steady state 
was generally maintained. This effect of diminution and eventual inversion of 
the i.p.s.p. was observed whether potassium, sodium or choline was the cation 
in the microelectrode, but did not occur when such anions as sulphate, 
phosphate or bicarbonate replaced the chloride. However the same effect was 


observed when the anion was bromide, nitrate (cf. Fig. 9 A-C) or thiocyanate. 


Careful inspection shows that the inverted potentials such as those of 
Fig. 3B, C are not mirror images of the initial hyperpolarizing i.p.s.p. They are 
much briefer, particularly on the declining phase, which often passes over into 
a low hyperpolarization (cf. Fig. 9E). It may further be noted in passing that 
i.p.s.p.’3 in the form of a depolarization have already been observed with 
chloride-filled electrodes, though they were not recognized as such (cf. Brock 
et al. 1952, fig. 6A). | 

Since the membrane potential did not increase in Fig. 3A—C, the change in 
the i.p.s.p. was not comparable with that seen in Fig. 1D-G. However a 
diminution of membrane potential by an extrinsically applied current caused 
the i.p.s.p. to revert to the hyperpolarizing type (Fig. 3D; cf. also Fig. 9D). 
When the curve relating membrane potential to i.p.s.p. was determined as in 
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Fig. 2, it was found to be shifted to the right, having, for example, a reversal 
potential of only about —50 mV (curve through @ points in Fig. 4). Thus 
essentially the effect produced by a chloride-containing electrode was a dis- 
placement of the i.p.s.p./membrane potential curve to the right (and also 
upwards) so that the reversal potential occurred at a lower membrane potential. 
On account of this effect, microelectrodes filled with salts having such in- 
different anions as sulphate or phosphate (cf. Table 1) must be used in deter- 
mining the normal reversal potential for the i.p.s.p. On the other hand, no 
significant difference was observed between the three cations (Na*, K* and 
(CH,),N*) used in the series of Table 1. — 

Discussion. The simplest explanation of the change in the i.p.s.p. from 
Fig. 3.4 to C would postulate that it is due to the diffusion of chloride ions (or 
anions of like action, cf. Fig. 9 A-C) out of the microelectrode into the neurone 
with a consequent increase in the ratio of internal to external chloride con- 
centration across the motoneuronal membrane. There would be the further 
_ provisional postulate that such anions are especially concerned in the ionic 
fluxes that are causally related to the i.p.s.p., i.e. that under the influence of 
inhibitory impulses, areas of the motoneuronal membrane become highly 
permeable to these anions, whereas they remain relatively impermeable to 
the ineffective anions. The change to a depolarizing i.p.s.p. would thus be 
caused by the change from a net inward to a net outward flux of the effective 
anions resulting from the increased intracellular concentration. This explana- 
tion receives support from an approximate calculation of the concentrations 
and fluxes obtaining for chloride ions under such experimental conditions. 


~The normal intracellular concentration of chloride has been estimated to be 


about 9 equiv x cm~* (cf. Discussion, § C). Taking the volume of the moto- 
neurone to be 2-3 x 10-? cm® (Coombs e al. 1955), its total chloride content 
would be about 2 p-equiv. It has been calculated (cf. Appendix, § A) that there 
would be a chloride diffusion of about 0-06 p-equiv/sec from a 3m-KC!-filled 
electrode that has a resistance of 5 MQ when immersed in 0-15m-KCl. Assuming 
an exponential time constant of 30 sec for the attainment of chloride equili- 
brium between a motoneurone and its environment (cf. Discussion, § B), this 
steady chloride injection from the microelectrode at a rate of 0-06 p-equiv/sec 
would cause the chloride content of the neurone to increase, with an exponential 
time constant of 30 sec, to a new steady level which is 1-8 p-equiv (30 x 0-06) 
higher than the initial level. Hence in a few minutes after insertion of a 5 MQ 
electrode filled with 3m-KCl, diffusion of chloride would produce a new steady 
state with about double the normal intracellular concentration, which is 4 
relative increase of the order required for the above explanation of the 
observed change in the i.p.s.p. After insertion of the microelectrode the 
observed rate of change of the i.p.s.p. has often been much slower than the 


expected rate (time constant of about 30 sec), possibly on account of temporary — 
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obstruction of the electrode orifice during the insertion. However, in a later 

section (D, 2a) an indirect method will be described for determining the rate _ 

at which the diffusional equilibrium is attained and the comparison will then 
be made (Discussion, § B). 


The briefer time course already noted for the depolarizing type of i.p.s.p. produced by ionic 
diffusion (of. Figs. 3B, C and 9E) can be explained as follows. The ions injected from the electrode 
would preponderantly affect the responses of those inhibitory post-synaptic areas of the membrane 
close to the microelectrode which would consequently give the depolarizing i.p.s.p., while more 
remote areas would be less affected and still give the hyperpolarizing i.p.s.p. The delay produced 
by electrotonic spread would cause this hyperpolarization largely to follow the depolarization, 
hence the diphasic character of the i.p.s.p. An alternative explanation would regard the diphasic 
type of i.p.s.p. as indicative of a dual composition, being attributable to two independent trans- 
mitter and ionic mechanisms. However,: by varying the strength of stimulus setting up the 
inhibitory volley, it has not been possible to obtain a threshold separation between afferent fibres 
that give one or other type of response. Thus presumably the diphasic type of i.p.s.p. in Fig 8B 
is given by a homogeneous group of afferent impulses (group Ia) and, after further diffusion it is 
converted to a pure depolarizing i.p.s.p. (Fig. 3C, Q-T), which runs a time course virtually 
identical with the e.p.s.p. (cf. Fig. 16F, G), except that the latent period is almost 1 msec longer 
when measured from the time of entry of the respective volleys into the spinal cord (cf. Brock et al. 
1952; Eccles, Fatt & Landgren, 1954). When fully developed, the depolarizing i.p.s.p. is a mirror 


image of the hyperpolarizing ‘PAS. (Figs. 3A, C and 9). This mirror-image relationship has 
already been observed for the i.p.s.p.’s recorded when the neuronal membrane was set at potentials 
far on either side of the normal resting potential (cf. Fig. 1). — 3 


This technique of injecting ions by diffusion out of the microelectrode is 
unsatisfactory because there is no control of the rate of injection out of any 
given electrode. For example the rate at which cations can be injected by 
diffusion is too low to give significant changes. If the probable value of 
150 mm is assumed for the potassium concentration of the interior of the 
motoneurone, the total potassium content would be over 30 p-equiv. More- 
over, the time constant for attainment of potassium equilibrium across the 
membrane would probably be briefer than the value of 30 sec determined for 
chloride ions. Hence the diffusional rate of potassium out. of a microelectrode 
of 5 MQ resistance, 0-06 p-equiv/sec, would not significantly affect the 
potassium concentration of a motoneurone. Diffusion experiments are thus 
valueless as a test of a possible participation of potassium ions in the generation 
of the i.p.s.p. As described in the two following sections, effective control of 
the rate of ionic injection from a microelectrode has been achieved by applying 
a voltage to it so that current passes between the microelectrode and the cell 


either hyperpolarizing or depolarizing it. 


: C. Effect produced on the i.p.s.p. by a hyperpolarizing current 
(1) Chloride-filled microelectrode 

The membrane potential and the i.p.s.p. responses before, during and after 
a prolonged iain current (3-2 x 10-* A for 1 min) are shown in a the 
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d.c. amplifier records of Fig. 3E-L, which were obtained after the preliminary 


diffusional injection of chloride (cf. Fig. 3A—C). The vertical positions of the 
records are significant in giving the level of membrane potential. The hyper- 
polarizing current caused an immediate large increase of the membrane 


potential, from —59 to —125 mV, and at the same time, as described in § A, 


there was an immediate large increase in the depolarization produced by the 
i.p.s.p., 36-14 mV (Fig. 3F). However, these effects did not remain constant 
during the passage of the hyperpolarizing current, nor did they vary in the 
same sense. The membrane potential progressively declined down to —111 mV, 
while the Lpsp. response EOCENE increased to 25-5 mV (Fig. 3G, H). 


0 10. msec 
mV 
~120 


Fig. 3. Intracellular recording ee a double-barreled microelectrode filled with 3 u-KCl, 
of i.p.s.p.’s generated in a biceps dinosus motoneurone by a quadriceps group Ia 
afferent volley. A, B and C show effect of diffusion of Cl” ions out of the microelectrode in 
changing the i.p.s.p. recorded at the resting membrane potential (59 mV), while D shows 
restoration of the hyperpolarizing i.p.s.p. at a lower membrane potential (-27 mV). E-L 
show records both of current through one barrel of the electrode (straight lines) and of 

. simultaneous i.p.s.p.’s obtained with a d.c. amplifier. The successive records are so placed 
that the scales on each side (potential on left, current on right) obtain right across the series, 
giving the actual levels of membrane potential and current respectively. E is before, F, G, 
H during{and I, J, K, L after the application of 3-2 x 10-* A for 60 sec. C and E are the same 
responses recorded at high and low amplification (note respective potential scales), while 
M-T cover same range of recovery as I-L, but again at a high amplification, though less 
than for C (note potential scales). Two time scales are shown, one for E-L, the other for 
the remaining records. All records formed by superposition of about forty traces. Note 

| a es Spikes in M, N and O are truncated. 
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On cessation of the current the membrane potential immediately fell to 
—51 mV, which was well below the initial level, and at the same time the 
i.p.s.p. was diminished in size as shown by the less steep rising phase (Fig. 31), 
though to a value much larger than that initially existing before the hyper! 
polarization (cf. Fig. 3E with I, and C with M). At this membrane potential 
the depolarization of the i.p.s.p. was more than adequate to generate an 
impulse, as may be seen in the early records of the subsequent recovery series 
taken both at low (Fig. 3J—L) and at high (Fig. 3N-T) amplification. During 


Direct i.p.s.p. (mV) 


j j 
-40  -20 


—120 -100 -80 
Membrane potential (mV) 

Fig. 4. Points designated @ are from initial records of i.p.s.p.’s at various membrane potentials 
as in Fig. 2, two such records being shown in Fig. 3C and D. © points plotted from B to C 
were obtained during the passage of the hyperpolarizing current (3-2 x 10-° A, cf. records F 
to H of Fig. 3, F being shown by © in Fig. 4), while © points from D to A were obtained after 
cessation of this current (records I to T of Fig. 3). Further description in text. 


this recovery, the membrane potential gradually returned towards the initial 
resting level and the i.p.s.p. response declined so that eventually it resembled 
the relatively small depolarizing response observed before the hyperpolariza- 
tion (ef. Fig. 3T with C). , 

The full course of the changes during and after the hyperpolarizing current 
of Fig. 3 is plotted in Fig. 4 on the co-ordinates used for the i.p.s.p./membrane 
potential curve which was determined by preliminary records as in Fig. 2, On 
hyperpolarization there was an immediate change from the initial condition 
obtaining at the resting potential, point A (Fig. 3E) to point B (Fig. 3F). 
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Thereafter, during the hyperpolarization, the gradually changing conditions 


were defined by the series of points lying approximately along the line BC, 
there being a progressive decrease in the rate of change. On cessation of the 
hyperpolarization, there was an immediate change from C to D (Fig. 31, M) 
and then again a gradual change back to the original condition, as defined by 


the series of points lying approximately along the line DA. The generation of — 


spike potentials prevented the direct measurement of the points near to D 


0 40 80 1200 160 sec 


T 7 T T T T 


i i i i 
0 80 160 sec 
Fig. 5. A. Plot of time course of displacement of the i.p.s.p. responses along the line BC of 
Fig. 4 during the current and along the line DA after its cessation, as described in text. 
Ordinates are in arbitrary units measured along the lines BC and DA of Fig. 4. Arrows mark 
_ onset and cessation of current. B. Plot of the membrane potentials on same time scale as 


in A in order to show the similar time courses of the changes during and after the current. 
Arrows mark onset and cessation of current. , 


(cf. Fig. 31, J, M, N). However, the summit-heights of the i.p.s.p.’s were 
calculated from the slopes of their rising phases on the assumption that similar 
time courses prevailed throughout. 

It would appear that the hyperpolarization has caused the i.p.s.p./membrane 
potential curve to be displaced progressively upwards and to the right, and 
during recovery there was the reverse displacement. The time course of these 
changes may be determined: approximately by plotting the displacements 
along the lines BC and DA against the times of the successive responses. As 
shown in Fig. 5A, the time-course is approximately exponential with a half 

time of about 15 sec during the hyperpolarization and about 30 sec after its 
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cessation. Fig. 5 B also shows typically that the changes in membrane potential 
followed approximately the same time course. Usually the membrane 
potential has been depressed immediately after a hyperpolarizing current as 
in Fig. 5B, but sometimes there was no change, and a slight increase has even 
been observed (cf. arrows of Fig. 6). 

On cessation of the hyperpolarization the time course of recovery with a 
chloride electrode has been so rapid that it has not been possible with the 
present technique to determine a satisfactory curve for i.p.s.p./membrane 
potential. For example, in Fig. 6A the @ points give the curve as determined 
before the hyperpolarization, while the + points give the curve at 10-35 sec 
after the end of a hyperpolarization (6 x 10-* A for 60 sec). This curve appears 
to join the initial curve at its lower end, but this effect is at least partly attri- 
butable to the progressive recovery during the observations. The upper three 


9 
\ 
-3- 
~-80 -70 -80 -7 
Membrane potential (mV) Membrane potential (mV) 


Fig. 6. A. Plot as in Fig. 2 of direct i.p.s.p.’s against membrane potential, but with a double micro- 
electrode filled with 3m-KCl. Points designated @ were obtained before and + at 10-35 
sec after passage of a hyperpolarizing current of 6 x 10-*A for 60sec. Finally, O points 
plot records at 2-2} min after the current. Arrows indicate mean resting potentials. 
B. As in A, but for antidromic i.p.s.p.’s determined simultaneously. 


+ points were determined first and the remaining four in serial order there- 
from. The points indicated by O were obtained at 2-2-5 min after the cessation 
of the hyperpolarization and agree closely with the initial curve, showing that 
the recovery was then complete. Fig. 6B gives the simultaneously determined 
effects on the antidromic i.p.s.p. The series illustrated in Figs, 4 and 6 show 
typically that, immediately after the passage of a hyperpolarizing current 
through an electrode filled with chloride, the i.p.s.p./membrane potential 
curve was displaced upwards and to tne right so that the reversal-potential for 
the i.p.s.p. was lowered, for example from -76 to -66-5 mV in Fig. 6 (cf. also 
Fig. 170), 
22 PHYSIO. CXXX 
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The effects of varying the duration of a hyperpolarizing current are illu- 
strated in Fig. 7, in which the size of the i.p.s.p. is plotted before, during and 
after the currents. The small changes that occurred in the resting potential 
have been neglected in plotting the curves, but Fig. 4B, C shows.that the time 
courses of change of the i.p.s.p. would not be significantly distorted thereby, 
During the longest hyperpolarizing current (55 sec), the time course resembles 
that of Fig. 5A, the curve flattening to a plateau in its later stages. On cessa- 
tion of the current the consequent fall in membrane potential caused a sudden 


decrease in the i.p.s.p. (cf. Fig. 4C, D) and thereafter there was the slow — 


exponential decline as in Fig. 5A. Similar features were observed for the 
briefer hyperpolarizing currents, but there was not then time for the full change 
in the i.p.s.p. 


+12 


+ 


i.p.s.p. (mV) 
+ + 
@ 


Fig. 7. Double microelectrode filled with 3m-KCl inserted into gastrocnemius motoneurone. 
L.p.s.p.’s are plotted as ordinates during and after hyperpolarizing currents of 5 x 10-* A for 
5, 10, 20 and 55 sec duration, as shown by the respective symbols ©, (J, A and @. Note the 
increase in the depolarizing i.p.s.p. during the current as in Fig. 5A, and the approximately 
exponential decline thereafter. At onset and cessation of the currents the curve is shown as a 
broken line because it is partly due to the effect of the changed membrane potential on the 
i.p.s.p. The horizontal broken line corresponds to the small initial depolarizing i.p.s.p. 


All types of i.p.s.p. have been similarly affected when the chloride content 
of the motoneurone was increased. For example, comparison of Fig. 6 A and B 
shows that there was virtually the same change in the inhibitory potentials 
produced either by direct inhibition or by antidromic inhibition. The results 
plotted in Fig. 7 were obtained with a polysynaptic inhibitory potential that 
was produced in a gastrocnemius motoneurone by an afferent volley in 
quadriceps nerve that included group Ib and group II impulses. 


The rapid and complete reversibility of the effects illustrated in Figs. 3-7 has not been observed 
with all motoneurones. In the earliest experiments (cf. Coombs ef al. 1953) reversibility was rarely 
observed, there being generally a cumulative effect of successive hyperpolarizing currents, and 
often, too, a continuous drift to more depolarizing i.p.s.p. responses even when no current was 
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applied. In our more recent experiments such effects were observed only with badly injured cells 


that were rapidly deteriorating. One can be certain that the cells giving the reversible reactions 


of Figs. 3-7 were in a much better physiological condition than cells whose reactions to a com- 


parable disturbarice were irreversible. It seems likely that the improved physiological condition — 


of the cells in our more recent experiments is attributable to the technical improvements which 
have reduced mechanical damage (Eccles ef al. 1954). 


Discussion. It would appear that the chloride which was injected into the 
cell by the hyperpolarizing current has caused the i.p.s.p./membrane potential 
curve to be displaced so that the reversal potential was at a lower level of 
membrane potential, though its more general features were retained. This 
result resembles that produced by diffusion, but may be made much larger and 
can be graded in intensity (cf. Fig. 7). In general, these effects may be ex- 
plained in the same: way as the comparable effects that have been attributed 
to diffusion of chloride ions. However; it’is necessary to determine the effects 
which other ions have on the i.p.s.p. before attempting to develop any quanti- 
tative explanations of the changes produced in the i.p.s.p. by increased Cl” ion 
concentrations. Nevertheless, the time course of the changes occurring during 
and after the passage of a hyperpolarizing current (Figs. 5 and 7) may profitably 
be considered at this stage, though a full treatment must await the final 
Discussion (§ B). 

During the passage of the hyperpolarizing current it has been shown in 
Appendix B that the intracellular Cl” concentration will increase exponentially 
to a level which would be much higher than the initial level. For example, a 


hyperpolarizing current of 5 x 10-°A would be expected to increase the con- 


centration by about 20 mm, the increase occurring with a time constant probably 
briefer than 20 sec. Changes of this magnitude and time course would account 
satisfactorily for the observed changes in the i.p.s.p. in Figs.5 and 7. Likewise, 
on cessation of the hyperpolarizing current, the recovery towards the initial 
i.p.8.p. response may be explained by considerations of ion flux. The high 
intracellular concentration of Cl ion would be expected to cause a net out- 
ward flux of Cl” ions across the membrane. Provided that the rate of diffusion 
out of the microelectrode has remained constant, and that the cell has re- 
mained in an unchanged condition, there should be a complete recovery to the 
initial i.p.s.p, response, as is indicated in Figs. 5 and 7. 


(2) Sulphate- or phosphate-filled microelectrode 

When even a large hyperpolarizing current was applied through a sulphate- 
filled electrode, there was no significant change in the i.p.s.p. (Fig. 8A, C). 
The e.p.s.p. was also virtually unaffected (Fig. 8B, D), while the resting 
membrane potential was a little depressed (—84 to —75 mV) and later re- 
covered. A more complete test is illustrated in Fig. 8E, where the i.p.s.p. was 


determined over a wide range of membrane potentials before —" a 
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hyperpolarizing current of 5x 10-*A for 90sec. Points © determined as 
early as 5 and 10 sec after the end of the hyperpolarizing current are seen to 
lie close to the curve determined before the current. If there was any change, 
it. was in the reverse direction from that produced by the monovalent anions 
considered above. The membrane potential fell from —64 to —61 mV, and 
there was no recovery. A similar absence of significant change in the i.p.s.p. 
has been observed after each of the eleven hyperpolarizing currents that have 
been passed into six different cells. Currents of 4 to 8x 10-*A have usually 


4 + 
-8 #-70 -60 
Membrane potential (mV) 
Fig. 8. A and B show respectively the direct i.p.s.p. and the monosynaptic e.p.s.p. set up in a 
biceps osus motoneurone by the appropriate afferent volleys. Surface records from 


L7 dorsal root are also shown, negativity being downwards, C and D show the respective 
responses after passage of a hyperpolarizing current (12 x 10-* A for 90sec) through an 
electrode filled with 1-6m-[(CH,),N],S0,, A small spike-like local response is superimposed 
on the e.p.s.p. of record D, being produced probably on account of the fall in resting potential. 
E. Points designated @ show the i.p.s.p.’s at various membrane potentials as in Fig. 2A, 
but with a double microelectrode filled with 0-6m-K,SO,. Points designated © show that 
there was little change after the passage of a hyperpolarizing current (5 x 10-* A for 90 sec). 
The first two records after the current are designated @. Similarly, there was little change in 
the positive after-potential, points designated @ being before and + after the same hyper- 
polarizing current, Arrows indicate mean resting potentials which were 3 mV lower after 

current. Curves are drawn through the initial series of records, @ and ™ respectively. 


been applied for 1-3 min. Usually there has been a small fall in resting potential 


as in Fig. 8, and sometimes recovery occurred. It has been immaterial whether — 


the cation in the electrode has been K* as in Fig. 8 E or(CH,),N* asin Fig. 8 A, C. 
Fig. 8E also shows that after the current there was no change in the hyper- 
polarizing after-potential over a wide range of membrane potentials. 
Similarly, when hyperpolarizing currents have been applied through an 
electrode filled with equimolar concentrations of K,HPO, and KH,P0, 
(seven applications of current to four cells), there has been subsequently «0 
significant change in the i-p.s.p. (ef. Coombs et al. 1953, fig. 11, J), or in the 
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resting potential and the e.p.s.p. Currents of 2 to 10x 10-*A have usually 
been applied for 1 min. 


Discussion. This invariable failure of these polyvalent anions to affect the 


i.p.8.p. when injected by a hyperpolarizing current is paralleled by the absence 


of any spontaneous change in the i.p.s.p. immediately after the insertion of the 
microelectrode. For this reason sulphate (or phosphate) electrodes are pre- 
ferred, and are essential when determining the reversal-potentials for the 
i.p.s.p. (Figs. 1, 2), and comparing them with the resting membrane potentials 
and the reversal-potentials for the hyperpolarizing after-potential asin Table 1. 
The absence of any effect by a hyperpolarizing current applied through an 
electrode filled with sulphate or phosphate is further of importance because it 
shows that the changes in the i.p.s.p. described in § C1 are not consequential 
on the hyperpolarizing current itself or on osmotic swelling (cf. — § B), 
but presumably are due to the injection of chloride. 


(3) Electrodes filled with salts of various monovalent anions 

Among the several anions that have been tested, it has been found that, 
when hyperpolarizing currents were applied through electrodes filled with 
potassium nitrate, bromide or thiocyanate, the subsequent changes in the 
i.p.s.p. were indistinguishable from those observed with a chloride-filled 
electrode. Though the observations with chloride were of more significance 
because it is present in high concentration in the environment of:the neurone 
and so might be expected to take part normally in the production of thei.p.s.p., 
tests with a number of other anion species were of interest in an attempt to 
investigate further the postulated permeability change in the inhibitory post- 
synaptic membrane. Instead of reporting the intensity and duration of the 
hyperpolarizing currents, it will be convenient henceforth to report merely 
the quantity of anions so injected (6 p-equiv being injected by 10-*A flowing 
for 60 sec), for it is now justifiable to assume that hyperpolarizing currents 
produce the observed changes in the i.p.s.p. by means of anion injection. With 
the readily diffusible anions such as Cl", Br , NO,,SCN , much of the quantity 
injected, leaks out across the surface membrane: so that, after currents have 
flowed for 60 sec, they do little more than maintain the raised intracellular 
concentration (cf, Appendix, § B). This complication seriously limits the 
significance of the specification of the quantity injected. 

As shown typically in Fig. 9E, F, after the injection of about 18 p-equiv of 
NO; ions by passage of a hyperpolarizing current through a KNO,-filled 
electrode, the i.p.s.p. was transformed from a small depolarizing to a large 


_ depolarizing response which evoked the discharge of an impulse at just the 


same threshold depolarization (15 mV) as the e.p.s.p. (compare Fig. 9F and G 
with L).. It may be noted in passing that the injection caused no significant 
change in the e.p.s.p. (Fig. 9 L), or in the threshold at which it set up an impulse. 
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The series from F to K shows the partial recovery of the i.p.s.p. towards the 


initial response (compare Fig. 9K with E). The resting membrane potential — 


showed the characteristic depression immediately after the hyperpolarizing 
current and a slow recovery thereafter, much as in Fig. 5 B. The time course of 
the recovery from the large depolarizing response (Fig. 10 A) closely resembled 
that observed for chloride (Fig. 5A). Altogether there were fifteen injections 
of NO, ions into five motoneurones, and virtually the same result was observed 
in all. The usual injection rates varied from 18 to 42 p-equiv @ minute and were 


Fig. 9. Intracellularly recorded potentials from biceps-semitendinosus motoneurone with a single 
microelectrode filled with 3m- KNO,. In A to D a quadriceps group Ia afferent volley set up. 
an i.p.s.p. and a later biceps dinosus volley set up an e.p.s.p. Note in D-H and 
J-—L the surface-recorded potentials from the L6 dorsal root, negativity being downwards. 
With D the membrane potential was diminished from 79 to 60 mV, resulting in a large 


_ hyperpolarizing i.p.s.p., and the generation of a spike by the e.p.s.p. All spikes are truncated. 


E shows the i.p.s.p. before and F immediately after the passage of a hyperpolarizing current 

of 3 x 10-* A for 60 sec. Note that the large depolarizing i.p.s.p. sets up a spike in F and G, 
_ the threshold shown by arrow being about the same as the threshold for the e.p.s.p. (arrow 

in L). Records G-K show progressive recovery of the i.p.s.p. towards the initial low de- 
polarizing response (E). The potential and time scales apply to all records. 


continued for 1-2 min. The half times of recovery varied from 23 to 35 sec 
(cf. Fig. 10A), and the resting membrane potential was always temporarily 
depressed, usually by about 5 mV. 

‘Fig. 10B shows typically the similar effects produced by. an injection of 
about 24 p-equiv of Br_ions by a hyperpolarizing current. The large depolarizing 
i.p.s.p. returned virtually to the initial value, while the membrane potential 
was slightly depressed from —70 to —69mV after the current and then 


recovered to —75 mV. In contrast there was no appreciable change in the — 
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e.p.s.p. The recovery closely followed an exponential curve with a half-time 
of about 14sec. Altogether the effect of Br” ions on the i.p.s.p. was tested 
with nine injections into four cells, usually at a rate of 18-24 p-equiv per min 
for 1-14 min. With the exception of one cell, into which two injections were 
made, the effect of injection was reversible as in Mg. 10B, the half-times of 
recovery varying from 10 to 20 sec. 


+12 


0 40 4 8s 120 see 
Fig. 10. A, Plot of heights of i.p.s.p.’s, showing time course of recovery after a hyperpolarizing 
current for series partly shown in Fig. 9. The two points designated © are the first two 
responses (cf. Fig. 9 F’) where the spike obscured the summit, the points being calculated from 
the slopes of the rising phases. The initial point on the horizontal broken line gives the initial 


response (Fig. 9E). B. Plot of i.p.s.p.’s as in A, but during recovery after a hyperpolarizing 
current (4 x 10-* A for 60 sec) had been applied through an electrode filled with 4m-K Br. 


The injection of SCN” ions also produced similar changes in thé i.p.s.p. 
Altogether ten injections were made into six cells, and a reversible change to 


the depolarizing i.p.s.p. was observed in all but one cell into which three <; 


injections were made. The membrane potential was always depressed by the 
injection, and recovery occurred with the five cells showing recovery of the 
i.p.s.p. The half-times of the recovery of the i.p.s.p. fell within the range of 
15-20 sec. 

As shown in Fig. 11, the injection of even a large quantity of HCO, ions 
from a KHCO,-filled electrode into a motoneurone did not change the i.p.s.p. 
to the depolarizing type of response. There was in Fig. 11 B, after injection of 
about 30 p-equiv, a large increase in both types of i.p.s.p. in the hyperpolarizing 
direction, but this could have been caused by the depression of the resting poten- 
tial (—66 to —59 mV), which was the usual effect of injections of HCO; ions. As 
the resting potential recovered, the i.p.s.p.’s returned towards their initial size 
(cf. Fig. 110 and D with A). The complicating effects of changes in resting 
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potential were minimal after a second injection of HCQ, ions (60 p-equiv — 


given in 1 min) into this cell. The resting potential was even slightly increased, 
an unusual finding, and correspondingly there was a diminution of both 
i.p.s.p.’s (ef. Fig. 11E, F with D). Altogether there were twelve injections of 
HCO, ions (ranging from 15 to 60 p-equiv) into six motoneurones, and in every 
case the changes produced in the i.p.s.p. were negligible when allowance was 
made for the effect of the depression of resting potential. However, our experi- 
ments could not exclude the possibility that HCO, ions have a slight action on 
the i.p.s.p. of the order of one-tenth of that produced by Cl” ions. 

The initial effect of an injection of CH,COO ions from a potassium acetate 
electrode yer resembled that of HCO; ions, there being always a _ in the 


A. 


Fig. 11, A shows responses of b . di motoneurone elicited ag in Fig. 1, a direct 
i.p.s.p. being followed by an sastidoonie | i.p.s.p. ‘B shows increase in the hyperpolarization of 
the i.p.s.p.’s after the passage of a hyperpolarizing current (5 x 10-* A for 60 sec) through a 
microelectrode filled with 2mM-KHCO,. C shows recovery about 1 min later. Later still the 
responses of D were slightly diminished after the passage of a hyperpolarizing current of 

10 x 10-* A for 60 sec (responses E and F). Injections are indicated by arrows. 


resting potential and an increase in the hyperpolarization of the i.p.s.p. as in 
Fig. 11B. Membrane potential/i.p.s.p, curves were determined before and 
after several injections. Fig. 12 shows typically that immediately after the 
injection of about 60 p-equiv of CH,COO ion there was no significant dis- 
placement from the curve obtaining before injection (the two points ©). 
However, with the later progressive fall in the resting potential there was also 
a displacement of the curve upwards and to the right, i.e. in the same direction 
as was observed after an injection of Cl ions. Discrimination is easy, for the 
acetate displacement developed late and was irreversible, being apparently 
associated with the progressive fall in resting potential, which indicated 
@ specific injurious action either of acetate ions or of acetic acid. A further 
injurious action is shown by the blockage of axon-soma transmission that 
invariably developed after injection of acetate ions and from which recovery 
was never observed. Altogether eight injections of acetate ions have been 
made into five cells, and all have conformed to the above pattern, recovery 
never being observed. It seems that acetate ions do not have any appreciable 
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action on the i.p.s.p., other than that attributable to a change in membrane 
potential or to a slowly developing irreversible injury. 

In contrast to acetate, motoneurones tolerated injections of glutamate ions 
very well, the microelectrode being filled with 4 M-mono-potassium glutamate. 
The resting potential was changed little if at all after any of our seven 
injections into four cells, for example being depressed from —83 to —80 mV 
after injection of about 100 p-equiv. Also axon-soma transmission of anti- 
dromic impulses and the e.p.s.p. were not affected even by this large dosage. 


_ There was always a small and irreversible diminution of the i.p.s.p. by each 


dosage of glutamate ions. Since the resting potential was usually unchanged, _ 
this effect would appear to resemble that of Cl ions, but even with a large 
dosage (100 p-equiv) it was not possible to halve the hyperpolarization of the 
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Membrane potential (mV) 

Fig. 12. Points designated @ plot i.p.s.p.’s against membrane potential with a double micro-— 
electrode filled with 5m-potassium acetate. Points designated © give records after the 
passage of a hyperpolarizing current of 4 x 10-* A for 90 sec. The two records immediately 
after the current are shown by @. Mean resting potentials before and after the current are 
shown by the arrows. 


ips. 6: It may be concluded that the glutamate ion probably shares to a very 


slight extent the property of changing the i i.p.s.p. in the manner of Cl’, Br , 


NO; and SCN” ions. 


Discussion. Some generalizations may be made at this stage concerning the 
physico-chemical features which discriminate the anions which affect the 
i.p.s.p./membrane potential curve from those that do not. Chloride, bromide 
nitrate and thiocyanate apparently belong to the former group. In fact they 
are indistinguishable even quantitatively in their effects on the i.p.s.p., though 
comparison is not precise because it can be made only between the effects 
produced by injecting different ion species into different motoneurones. 
These ions are comparable in being monovalent and in having similar mobilities 
in aqueous solution, which presumably means that the hydrated ions are of 
similar size. In contrast polyvalent anions, SO{ and HPO{, do not have 
any effect on the i.p.s.p. The individual ions in solution, besides carrying more 
than one negative charge, are also larger than those in the former group. 
When anions are injected from the potassium phosphate electrode with a 
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hyperpolarizing current, they will consist in part of singly charged H,PO, ions. 
Nevertheless, no effect was obtained from such an injection. Furthermore, 


only a very slight effect. As judged by their mobilities these anions are distinct 
from the Cl’, Br , NO; ,SCN™ group in having considerably greater hydrated 
size. Thus a common criterion determining whether a given type of anion will 
modify the i.p.s.p. appears to be ion size (cf. Discussion, § A). Before discussing 
further the significance of ion size, it is necessary to discover if any cations are 
also specifically concerned in producing the i.p.s.p. Injections of cations into 
motoneurones have been effected by depolarizing currents. as 


D. Effects produced on the 1.p.s.p. bs depolarizing current 
(1) Effects attributable to cations 


Initially it will be convenient to describe the effects of depolarizing current 
flow on the i.p.s.p. when the microelectrode is filled with a salt solution con- 
taining an indifferent anion, e.g. sulphate, because the effect of the current on 
the background diffusion of anions out of the electrode will not then have a 
complicating effect on the i.p.s.p. (cf. § C2). Since the principal interest of this 
investigation is to discover if any cations are specifically concerned in the pro- 
duction of the i.p.s.p., it is expedient to describe initially experiments in which 
large changes were produced in the cationic content of the motoneurone, i.e. 
when the depolarizing current was passed through electrodes filled with sodium 
sulphate or tetramethylammonium sulphate. Little cationic change can be 
expected when the depolarizing current is passed through an electrode filled 
with potassium sulphate (cf. Appendix C). However, the results obtained with 
such an electrode are important since they provide a control for the effects 
produced by the ionic flux carrying the current outwards across the neuronal 
membrane. Necessarily, with our present technique, these important control 
observations are very imperfect because they are iat with different — 
inserted into different cells. 

(a) Electrode filled with sodium sulphate. Comparison of Fig. 13 with Fig. 1 
shows the change produced in both the direct and antidromic i.p.s.p.’s when a 
depolarizing current of 5 x 10-* A was passed for 90 sec out of a microelectrode 
filled with 0-6 m-Na,8O,. The resting membrane potential was lowered from 
—74 to —57 mV, and at the same time the i.p.s.p. was converted from a hyper- 
polarizing into a depolarizing type (compare Fig. 1 D with Fig. 13D), i.e. there 
was, as shown by the plotted curve (+ points, Fig. 14A), a large displacement 
upwards and to the right of the i.p.s.p./membrane potential curve, the reversal- 
potential changing from —80 mV to —35 mV. The effects produced by the 
depolarizing current thus resembled those arising from injections of Cl” ions 
(compare Fig. 14A with Fig. 6A). The change in i-p.s.p. after a depolarizing 
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current was always transient, regression to the initial condition occurring 
within a few minutes. For example, the family of curves of Fig. 14A (ef. the 
i.p.s.p. records of Fig. 13A-E and K-O) and the plotted reversal potentials 
(& points of Fig. 14D) show the approximate time course of this regression, 
complete recovery having occurred in about 9 min. The antidromic i.p.s.p. was 
similarly affected and recovered similarly (Figs. 13F—J and P-T; 14B). After 
a much longer depolarizing current (5 x 10-*A for 300 sec), there was a much 
larger change in the i.p.s.p., and regression followed a slower time course; yet, 


Ant, i.p.s.p. Direct i.p.s.p. Ant. i.p.s.p. 


Direct i.p.s.p. 
A 


Fig. 13. A-E show records at the indicated membrane potentials of the same i.p.s.p. response in 
the same motoneurone as in Fig. 1 A~G, but immediately (5-40 sec) after the passage of a 
depolarizing current, 5 x 10-* A for 90 sec, the resting potential being -57mV. Records 
F-J show simultaneously recorded antidromic i.p.s.p.’s (cf. Fig. 1H-N). K-O and P-T as in 
A-E and F—J respectively, but at different membrane potentials as indicated, and showing 
partial recovery at 180-230 sec, the resting potential being then - 70 mV. The potential and 
time scales apply to all records. Electrode filled with 0-6m-Na,SO,. 


nevertheless, there was again complete recovery within 15 min, as revealed by 
the family of curves of Fig. 14C, and the plotted reversal-potentials (© points 
of Fig. 14D). Similar behaviour was observed with all of the other eight 
neurones into which a depolarizing current was passed from a Na,SO,-filled 
microelectrode, there being in all seventeen applications of depolarizing current 
through this type of electrode. Half-recovery times have varied from about 
100 to 250 sec for moderate doses of current as in Fig. 14A and B. 

The depression of the resting membrane potential after such depolarizing 
currents is satisfactorily explained by the reduction which would occur in the 
intracellular potassium (Coombs e¢ al. 1955a). The recovery of resting potential 
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followed much the same time course as the reversal-potential for the i.p.s.p. 
(M@ and @ points, Fig. 14D). However this reversal-potential was diminished 
more than the resting potential; hence, immediately after cessation of the 
depolarizing current (Fig. 13D) there was a depolarizing i.p.s.p. at the resting 
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_ Fig. 14. A. Points designated + and © plot the series partly shown in Fig. 13 A-E and K-0, 
respectively, on the same co-ordinates as Fig. 2A. Points @ show a further stage of recovery 
at 360 to 430 sec after the passage of the depolarizing current. The broken line shows the 
curve of Fig. 2A which was obtained for this motoneurone both before the depolarizing 
current and after complete recovery at 510-580 sec. Note that compared with Fig. 2A the 
ordinate scale is halved relative to the abscissal scale. Arrows indicate respective resting 
potentials, B. As in Fig. 14A, but for antidromic inhibitory potentials that are partly 
illustrated in Fig. 13F—J and P-T, The broken line shows curve of Fig. 2B, but at half the 
ordinate scale as in Fig. 14A. C. Same motoneurone and i.p.s.p.’s as in Fig. 14A, but 
showing recovery after the passage of a much longer depolarizing current (5 x 10-* A for 
300 sec). The curve through the x points is the control curve before the current with the 
arrow showing resting potential of -67 mV, while immediately after the current (5-60 sec) 
the curve indicated by A points was obtained. Progressive recovery is shown by the suc- 
cessive groups of records at 120-180 240-300 (+), 420-480 (©), 600-660 (@) and 
840-900 (@) sec respectively. Note that as shown by the arrows the resting potential had 
increased at 14-15 min to a value (—79 mV) considerably in excess of the initial value 
(-67 mV). D. Plot of recovery after depolarizing currents of responses of Fig. 14 and U. 
Zero on abscissal time scale gives instant of cessation of the current, the points to the left 
thereof giving the initial control values before the currents of 90 and 300 sec duration (nvie 
scale readings of -90 and -300 sec). Points indicated by A and m plot respectively, te 
reversal potentials and the resting potentials for the series of Fig. 14A after a 90 sec current, 
while © and @ give the corresponding values for the series of Fig. 14C after a 300 sec current. 
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membrane potential then obtaining. After 10 min the resting potential had 
recovered to a value considerably above its initial level (Fig. 14C, D); as 
already described by Coombs et al. (1955a); hence the 1.p.8.p. at the resting 
potential continued to be a depolarizing response even after 15 min (ef. 
Fig. 14(C). 

(b) Electrode filled with tetramethylammonium sulphate. With tetramethyl-_ 
ammonium sulphate electrodes we have observed that a depolarizing current 
caused the same change in the i.p.s.p. as with Na,SO,-filled electrodes, as is 
shown by the family of curves plotted in Fig. 15A. The curves have been 
shifted to the right and become steeper with each successive current, and the 
magnitude of the shift has been of the same order as for Na,SO,_-filled electrodes. 


3 


Membrane potential (mV) Membrane potential (mV) 


Fig. 15. A. A double microelectrode filled with 1-6m-tetramethy] onium sulphate was 
inserted into a biceps itendi motoneurone. Points shown as @ plot direct i.p.s.p. 
against membrane potential as in Fig. 2A. After a depolarizing current of 3x 10-* A for 
60 sec the points are shown as ©, while ™ points give records after a repetition of this current 
and A after a still further repetition. Arrows indicate mean resting potentials. B. A double 
microelectrode filled with 0-6m-K,SO, was inserted into an unidentified motoneurone. Points 
shown as @ plot antidromic i.p.s.p. against membrane potential as in Fig. 2B. After a 
depolarizing current of 10 x 10-* A for 90 sec the records are plotted as ©. The two records 
immediately following the current are shown by @, the first being high above the control 
curve and the second showing a considerable recovery at about 15 sec. Arrows marking the 
resting potentials show that it was depressed by about 3 mV after the current. 


However, an important difference has been that recovery towards the initial 
condition either failed altogether or at best was slow and incomplete. It has 
already been reported that the membrane potential has been depressed after 
each depolarizing current with a tetramethylammonium electrode and has 
recovered very slowly, if at.all, the effects of successive currents being cumula- 
tive as shown by the arrows in Fig. 15A (Coombs ef al. 1955). This was attri- 
buted to the difficulty of eliminating the injected (CH,),N* ion, and hence of 
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recovering the lost potassium. With the tetramethylammonium injection the 
neurone also finds it difficult to reverse the ionic shifts across the membrane 
that displace the i.p.s.p. response in the depolarizing direction. Thus it seems 
likely that both effects are attributable to the same ionic shifts. 

(c) Electrode filled with potassium sulphate. When the microelectrode was 
securely implanted in the cell, the passage.of a depolarizing current through a 
potassium sulphate electrode caused little or no change in the resting potential 
(cf. Coombs et al. 19550). As a rule there was a brief displacement of the 
i.p.8.p. in the depolarizing direction, but this displacement. was much smaller 
than with the sodium sulphate electrode and the time course of recovery was 
much faster, the half-time being usually less than 20 sec (ef. Fig. 15B). As a 
further example, a relatively large current of 7 x 10-* A for 90 sec only shifted 


the reversal-potential for the i.p.s.p. from —88 to —82 mV. With repeti-— 


tion of this current, the reversal-potential was further depressed to —76 mV. 
In another experiment depolarizing currents were passed five. times into one 
cell and caused no appreciable change in the i-p.s.p. even when they were as 
large as 15 x 10-8 A for 2 min. 

. (d) Discussion. The question now arises: Why does a depolarizing current 
have a very much larger and more prolonged effect on the i.p.s.p. when it is 
_ applied through a Na,SO,- or ((CH,),N),80,-filled electrode than when applied 
through a K,80, -filled electrode? One can immediately eliminate any sugges- 
' tion that it is a direct result of the injected cations, Na* or (CH,),N*. If the 
i.p.8.p. were caused in part by the increased movement of such cations 
across the neuronal membrane, a raised intracellular concentration would cause 
an increased outward flux during the i.p.s.p.; hence there would be an in- 
creased hyperpolarization, not the diminution or reversal actually observed. 
On the contrary the observed change in the i.p.s.p. could be caused by 
diminution of the concentration of a cation species that was specially concerned 
in the generation of the i.p.s.p. Thus the effect of the Na* and (CH,),N* 
injections on the i.p.s.p. would be due not to any specific effect of these ions, 
but rather to the diminution of K* ions, which is an inevitable consequence of 
such injections (cf. Appendix, §C). It is therefore postulated that, under the 
influence of inhibitory impulses, the inhibitory post-synaptic membrane 
becomes highly permeable to K* ions as well as to the anions of similar small 
size (cf. Results, § C). 

In part, the postulated permeability change of the membrane resembles that 
postulated to occur during the positive after-potential that follows a spike 
(cf. Coombs et al. 1955a). However, in this latter condition the high per- 
meability was restricted to K* ions, whereas in the former it would be shared 
with the small anions. As a consequence of this complication, careful controls 
have to be made with regard to the effect on the i.p.s.p. that would be pro- 
duced by the influx of Cl” ions across the neuronal membrane. A considerable 
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part (up to 40%) of the depolarizing current used to inject the cations from 
the microelectrode is probably carried across the neuronal membrane by the 
influx of Cl ions. Experiments in which a depolarizing current is passed 
through a K,80O,-filled electrode provide a partial control for the effect of this 
Cl influx. With such an electrode a depolarizing current will also produce a 
considerable increase in the intracellular Cl" ion concentration, but there will 
be virtually no change in the intracellular K* ion concentration (cf. Appendix, 
§C). However, the control is defective in that the Cl” increase is likely to be 
much smaller than with the passage of the same current through Na,SO,- or 
((CH,),N),80,-filled electrodes, which causes the readily penetrating K* ions 
to be replaced by less penetrating cations, with the consequence that a greater 
proportion of the current through the membrane is carried by the inward 
passage of Cl ions (cf. Appendix, § C). 

On the basis of these expected differences it is penibile to account for the 
respective changes observed in the i.p.s.p. in terms of the hypothesis that the 
i.p.s.p. is caused by the ionic fluxes consequent on a greatly increased per- 
meability of the membrane to K* ions as well as to Cl" ions. A hyperpolarizing 
i.p.s.p. would be produced by an inward movement of Cl ions and/or an 
outward movement of K* ions, while the inverse movements would give a 
depolarizing i.p.s.p. With the depolarizing current applied through Na,SO,- and 
((CH,),N),80O,-filled electrodes, both the increase in Cl” and the decrease in 
K* ion concentration would contribute to the displacement of the i.p.s.p. in 
the depolarizing direction (Figs. 14, 15 A). On the other hand, with the K,S0,- 
filled electrode the displacement would be much smaller (cf. Fig. 15 B) because 
there would be less increase in the Cl" and virtually no change in the K* ion 
concentration. With the Na,SO,-filled electrode the recovery to the initial 
condition would be attributable both to the outward pumping of Na* and 
consequent replenishment of K* ions, which in part at least is coupled with the 
Na* efflux (cf. Hodgkin & Keynes, 1954; Keynes, 1954), and to the net loss of 
Cl ions by diffusion outwards along their electro-chemical gradient. The slow 
and incomplete recovery with the ((CH,),N),S0,-filled electrode presumably 
would be attributable to the difficulty in eliminating the (CH,),N* ion from the 
cell interior and hence in regaining the lost K* ions. Some recovery would be 
expected while the raised Cl ion concentration was being lowered by outward 
leakage across the membrane. In contrast, the recovery of the i.p.s.p. after 
passage of a depolarizing current through a K,SO,-filled electrode was very 
rapid (ef. Fig. 15 B), which is to be expected because it involves only the out- 
ward diffusion of Cl” ions. 

Despite the sufficiency of these explanations the results on cation replace- 
ment are not so convincing as those involving anion injection. To a con- 
siderable extent the difficulty in investigating this problem arises from the fact 
that initially there is a high internal K* concentration. It is thus much easier 
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to produce a relative change in chloride concentration than a relative change 
in potassium concentration, and furthermore the osmotic influx of water 
frustrates any attempt to increase the intracellular potassium concentration 
(Appendix, §C). In principle, a better approach would be to change the extra- 
cellular, rather than the intracellular, potassium concentration, as has been 
done for the isolated crustacean neuromuscular and mammalian cardiac 
muscle preparations, where inhibition also occurs (Fatt & Katz, 1953; 
Burgen & Terroux, 1953). However, on account of technical difficulties, the 
few preliminary experiments have not yielded any significant results. 


(2) Effects attributable to anions 

When ‘a depolarizing current was passed through a microelectrode filled 
with a potassium salt, there would be virtually no change in the cation content 
of the motoneurone (Appendix, § C). Hence any change in the i.p.s.p. would 
presumably be caused by changes in the anions. Experiments with the three 
potassium salts, KCl, KBr, and KNO, gave indistinguishable results, hence 
they will be considered together. The effects of depolarizing currents have not 
been investigated with a KSCN-filled electrode. 

(a) Electrodes filled with potassium chloride, nitrate and bromide. In most of 
our experiments with these salts (sixteen injections into six cells) the i.p.s.p. 
had already been transformed into the depolarizing type by diffusion (cf. § B). 
After the passage of the depolarizing current there was then invariably a large 
diminution in the depolarizing i.p.s.p. and even a momentary reversal to a 
hyperpolarizing type (Fig. 16A, B), but the effect was always transient, 
recovery rapidly occurring in the direction of the initial depolarizing i.p.s.p. 
(Fig. 16C-F). The e.p.s.p. was unaffected (Fig. 16G, H). As shown in Figs. 161, 
17A, B, the recovery curves for the i.p.s.p. following depolarizing currents 
were exponential in type and approximately mirror images of the recovery 
curves already described following hyperpolarizing currents (cf. Figs. 7, 10). 
The half-times of recovery have varied from 10 to 26 sec. At times there has 
been a small ‘overshooting’ of the recovery curve (cf. Fig. 161, 17 A), i.e. the 
i.p.8.p. was finally displaced further in the depolarizing direction than it had 
been initially. The resting potential was usually increased just after the current. 
It was never decreased. The maximum increase was 10 mV, but usually it was 
much less, about 2mV. It returned with much the same time course as the 
change in i.p.s.p. Thus, for a constant membrane potential, the change in 
the i.p.s.p. would have been somewhat greater than appears in Figs. 16 
and 17. 

When diffusion out of the microelectrode was so small that the i.p.s.p. was 
not transformed into the depolarizing type, a depolarizing current invariably 
caused very little change in the i.p.s.p. (five injections into three cells). For 
example, there was possibly a slight shift in the hyperpolarizing direction with 


f 
4 of 6 
: after 
in 
7 hype! 
dura 
A 
+i 
ox 
q ad 
‘ 
and 
revi 
‘ 
Tev 


INHIBITORY RESPONSES OF NEURONES 353 


the records of Fig. 17C (0 points) immediately after a depolarizing current 
of 6 x 10-*.A for 60 sec, but recovery had occurred in a few seconds, as may 
also be seen with the @ points of Fig. 17D. This contrasts with the effect seen _ 
after passing a hyperpolarizing current through the electrode (points designated 
@ in Fig. 17C and © in Fig. 17D). The displacement ofthe i.p.s.p. in the 
hyperpolarizing direction is seen to be negligible when compared with the 
opposite displacement by a hyperpolarizing current of equal strength and 
duration. Fig. 17C and D thus contrast with Figs. 161 and 17A, B. Further- 


more, in the experiments illustrated by Fig. 17C and D the resting potential 


was increased very little, if at all, just after the depolarizing current. 


+ 
T 


3 
Direct i.p.s.p 


OR 


Fig. 16.. A~H. A single microelectrode filled with 3m-KNO, was inserted into a biceps-semi- 
tendinosus motoneurone. A shows the depolarizing i.p.s.p. set up by a quadriceps group Ia 
volley. After the passage ofa depolarizing current (4 x 10-* A for 90 sec) there wasa momentary 

- reversal of the i.p.s.p. to the hyperpolarizing type (B) followed by recovery to the original 

.. response (C-F). G and H show e.p.s.p.’s set up by monosynaptic excitation before and 
immediately after the same depolarizing current. Records of the quadriceps afferent volley 
in L6 dorsal root are shown in A and F, while the biceps-semitendinosus afferent volley 
similarly recorded is seen between G and H. The resting potential was ~79 mV before 
passage of current and -82 mV immediately after. Potential scale gives 5mV for records 
A and F, and 10 mV for all other records. Time scale applies to all records. I. Points shown 
as © plot recovery of i.p.s.p.’s for series partly illustrated in Fig. 16B-F, the initial 
depolarizing i.p.s.p. (Fig. 16A) being shown by © on the broken line, which thus represents 
a base-line, Time is measured from cessation of current. Points shown as @ represent 

_ recovery series for the i.p.s.p. after the earlier passage of a hyperpolarizing current (3 x 10-* A 
for 90 sec), the initial value for the i.p.s.p: again having a base-line drawn through it (cf. 
10). | 


(6) Electrodes filled with sodium chloride. With a NaCl-filled microelectrode 
& depolarizing current has always produced the same changes in the i.p.s.p., 
and the resting potential, as with a Na,SO,-filled electrode. There was a 
reversal of the i.p.s.p. to the depolarizing type, if it had not already been 
reversed by the diffusion of Cl” ions out of the electrode (§ B), or, in the event 
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of prior reversal, a further increase in the size of the depolarizing i.p.s.p. After 
the passage of the current there has often been recovery towards the initia! 
condition. | 


Membrane potential (mV) 
$3 


° 


L 


40 sec 60 o 20 0© 6 8 W se 


Fig. 17. A. Plotted curves ae in Hig. 161, but for a single microelectrode filled with 4m-KBr in 
a biceps di motoneurone. Points shown as @ and © plot respectively the 
reer of i.p.s.p.’s after a hyperpolarizing and a depolarizing current (both 4 x 10-* A for 
60 sec). The initial responses and base-lines are shown as in Fig. 161. 3B. Plotted curve as 
in Fig. 161, but for a double microelectrode filled with 3m-KCl and inserted into a biceps- 
semitendinosus motoneurone. Zero time corresponds to cessation of a depolarizing current of 
6 x 10-* A for 60 sec. On the ordinate scale are plotted the steepest slopes of rising phases of 
the direct i.p.s.p.’s, ©. A double microelectrode filled with 3m-KCl was inserted into a 
gastrocnemius motoneurone. Points shown as @ plot the antidromic i.p.s.p.’s against the 
membrane potentials as in Fig. 2B. ™@ points plot four records obtained within 15 sec after 
cessation of a hyperpolarizing current (6 x 10-* A for 60 sec). The arrows indicate the mean 
resting potential and show a small depression after the current. Points designated A show 
that recovery was almost complete at about 60 sec after the current. After a further 60 sec, 
in order to ensure complete recovery, a depolarizing current (6 x 10-* A for 60 sec) was passed 
through the electrode and the points designated as © plot the records just after this current. 
There was little change in the curve and no detectable change in the resting potential. 
D. A double microelectrode filled with 3m-KCl was inserted into a biceps-semitendinosus 
motoneurone. Points designated © plot the antidromic i.p.s.p.’s before, during and after a 
hyperpolarizing current of 5 x 10-* A for 60 sec plotted as in Fig. 7, but for an i.p.s.p. that 
was initially of hyperpolarizing type. Pointe designated @ give the antidromic i.p.s.p.’s before 
and after a depolarizing current of 5 x 10-* A for 60 sec. No records were possible during this 
current because the antidromic impulse then invaded the motoneurone. Arrows mark the 
onset and cessation of the currents. ; | 
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(c) Discussion. The effects produced when a depolarizing current is passed 
through an electrode filled with KCl, KBr or KNO, solution can be satis- 
factorily explained by the diminution or suppression of the anionic diffusion 


out of the electrode. A steady state will prevail before the application of the 


current, because the anion concentration in the cell has been raised until the 
diffusion rate outwards across the membrane equals the steady diffusion rate 
from the electrode into the cell (cf. § B). During the flow of the depolarizing 
current there will be diminution or suppression of the diffusion of anions out 
of the electrode (cf. Appendix, § C); hence the anion concentration of the cell 
will decline towards its normal level. On cessation of the current there would 


be an immediate restoration of the anion diffusion out of the electrode, con- 


sequently the anion concentration of the cell would increase again towards the 
steady-state concentration that prevailed before the current. Thus the changes 
occurring after cessation of the depolarizing current should resemble those 
occurring initially on insertion of the microelectrode into the cell. 

In this manner a satisfactory explanation is provided for the general obser- 
vation that the faster the diffusion rate out of the electrode (as revealed by the 
magnitude of the displacement of the i.p.s.p. to the depolarizing type), the 
larger is the restorative effect produced during a depolarizing current (Figs. 16, 
17). Furthermore, it leads to the expectation that, on cessation of the current, 
recovery to the initial steady state, i.e. towards the depolarizing type of i.p.s.p., 
would occur with approximately the same exponential time constant that 
obtains for recovery in the reverse direction after a hyperpolarizing current 
(cf. Figs. 7, 10, 16, 17). The above explanation takes no account of the Cl” 
influx which would occur across the membrane during the depolarizing 
current (cf. Appendix, §C). Presumably in our experiments this influx has 
never been larger than the depression of the anion diffusion out of the electrode. 
When the depolarizing current is passed through an electrode filled with a 
potassium salt, there will be no significant change in the intracellular potassium 
concentration. However, with a NaCl-filled electrode, this current will cause, 
in addition to the suppression of Cl diffusion out of the electrode, a depletion 
of intracellular potassium, and also a larger Cl” influx across the membrane 
(cf. Appendix, § C). The observed displacement of the i.p.s.p. in the depolarizing 
direction indicates that the latter two effects are predominant. 


DISCUSSION 
A. Ionte permeabilities of the membrane during the 
inhibitory post-synaptic potential 
Experimental investigation of the i.p.8.p. at varying membrane potentials in 
§ A led to the assumption that the i.p.s.p. is due to a great increase in the flux 


of some particular ion or ions across the post-synaptic membrane. The normal 
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level of the reversal-potential for the i.p.s.p. shows that the total ionic flux 
conveys no net charge across a membrane which is about 10 mV more hyper- 
polarized than the resting membrane (Table 1). This means that, if the 
particular ion species is an anion, its concentration in the neurone will be 
lower than the concentration giving equilibrium with the external concentra- 


tion at the resting membrane potential, while, if a cation, it will be higher than 


this equilibrium concentration. Finally, if more than one ion species is in- 
volved, the i.p.s.p. will be the integrated result of the various ionic fluxes 


across the membrane, and the ratio of extracellular to intracellular concentra- 


tion for any one species will probably give an equilibrium potential different 
from that derived for the i.p.s.p. Since the equilibrium potential for the i.p.s.p. 


TaBLE 2. Ion diameters in aqueous solution as derived from limiting ion conductances and ex- 
pressed relative to K*=1-00. Values derived from Landolt-Bérnstein (1936). 
The horizontal broken line gives the division between the small ions that pass readily through 
the post-synaptic inhibitory membrane and the larger ions that pass with much greater difficulty 
or not at all. 


Cations Anions 
Kt 1-00 0-94 
0-96 
NO; 1-03 
SON- 
Nat Hoo 1-65 
N (CH,); 1:60 CH,CO; 1-80 
2 
2-58 


is at a high level of internal negativity (about. —80 mV), the ion species con- 
cerned must be so distributed that if they are anions there is a high ratio of 
extracellular to intracellular concentration, while if cations there would be an 
inverse distribution. 

In order to explain the changes produced in the i.p.s.p. by the injection of 
various ions, it has been postulated (§§ C1, C3, D1d) that, when an impulse 
reaches an inhibitory synapse, it acts on the post-synaptic membrane (pre- 
sumably by an inhibitory transmitter substance) and greatly increases its 
permeability to the monovalent anions, Cl , Br, NO;, SCN, and also to the 
cation, K*. On the other hand, there must be little or no change in the per- 
meability to the anions SOF , HPOF', H,PO;, HCO;, CH,CO, and glutamate, 
and to the cations, Na* and (CH,),N*. In Table 2 these anions and cations 
have been arranged in order of their diameter in aqueous solution, as calculated 
according to Stokes’s law from the limiting ion conductances (cf. Boyle & 
Conway, 1941). It will be seen that a greatly increased permeability has been 
postulated for all ions having diameters not exceeding 1-11 times that of K* 


ions, irrespective of their charge, while little or no increase in permeability. 


has been postulated for the larger ions ranging from Na* (1-47 times the 
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diameter of K* ions) upwards. Thus the production of the i.p.8.p. may simply 
be due to the inhibitory transmitter substance acting on the post-synaptic 
membrane to make it a very selective ionic sieve, all ions smaller than a critical 
size passing through readily, i.e. those above the horizontal line in Table 2, 
while larger ions virtually fail to pass. In particular the hyperpolarization of 
the i.p.s.p. could be produced only if there is a very effective blocking of Nat 
ions. Further experiments with ions of relative diameters ranging from 1:1 to 
- 1-6 are necessary in order to find the critical size. 

This postulated sieve-like action of the cell membrane towards ions in 
aqueous solution resembles that proposed by Boyle & Conway (1941) for the 
surface membrane of muscle fibres, in that the permeability is determined by 
the size of the hydrated ion and not by its charge. As stated in § D 1d the 
evidence for high potassium permeability during thei.p.s.p. is not so convincing 
as for the high anion permeability; however, the close analogy with Boyle & 
Conway’ssieve theory supports our interpretation of the experimental evidence. 
Further indirect support is provided by the evidence that there is a selective 
increase in the membrane permeability to K* ions during inhibitory responses 


of crustacean muscle (Fatt & Katz, 1953) and of mammalian cardiac muscle 


(Burgen & Terroux, 1953). It is probable that during these inhibitory re- 
sponses there is also an increase in chloride permeability, because, at least with 
crustacean muscle, the flux of some ion other than potassium must have been 
responsible for the depolarizing inhibitory potentials that could still be 
evoked in a potassium-free medium (Fatt & Katz, 1953). | 


B. Ionic equilibrium between a motoneurone and its environment 

It has been shown in §§ Cl and C3 that the injection of the order of 20-50 
p-equiv of Cl (or of the comparable anions NO;, Br or SCN ) caused the 
i,p.s.p./membrane potential curve to shift so that for a given membrane potential 
the i.p.s.p. was changed to a smaller hyperpolarization or greater depolarization 
(Figs. 3, 4, 6, 7,9 and 17C). Subsequently, the i.p.s.p. curve returned toward 
its original position with a half-time of about 20 sec (range from 10 to 35 sec 
_ for the whole group of anions, Figs. 5, 7, 10, 16I and 17A), This regression is 
attributable to a fall of the Cl (or other anion) concentration immediately 
under the surface membrane of the motoneurone. The most likely explanation 
of this falling concentration is that the high anion concentration built up 
within the cell by the injection is reduced as the ion diffuses outward across 
the membrane. 


However an alternative explanation would be that the hyperpolarizing current used for the 
injection has caused a gradient of Cl” (or other anion) concentration to be set up within the cell 
with the concentration highest immediately under the membrane, and that the decrease in con- 
centration indicated by the change of the i.p.s.p. would be due secondarily to diffusion from this 
region under the membrane to re-establish a uniform concentration within the neurone. This 
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postulated excess of anion concentration immediately under the membrane is likely to occur, 
since the transference number for the anion (the fraction of current due to a movement of this ion) 
will probably be less in the membrane than in the intracellular space. Nevertheless, the changes 
that were observed to last some tens of seconds cannot be due to this factor. Thus for a sphere of 
70 » diameter and a substance with a diffusion coefficient of 1-2 x 10-° cm?/sec, which are probable 
values for this case, it can be shown that any initial concentration difference between the surface 
layer and the remainder of the interior will rapidly diminish, so that within 0-3 sec there is a 
variation of no more than 10%, of the initial difference (cf. Carslaw & Jaeger, 1947, for similar 
problems on the conduction of heat in solids). 


Similar considerations apply to the situation following a depolarizing current 
as described in § D 2a. The i.p.s.p. was temporarily converted towards the 
hyperpolarizing type from which recovery to the initial condition occurred 
with approximately the same time constant as recovery in the reverse direction 
after a hyperpolarizing current (cf. Figs. 161, 17 A, B). Thus it appears that, 
after an applied current has caused either an increase or decrease in the intra- 
cellular concentration of Cl’, NO;, or Br ions, diffusion processes across the 
surface membrane cause a restoration of the initial concentration. Because 
_ of the high ionic concentration in the microelectrode there would be in the 
absence of current a steady output of anions (and cations) by diffusion. The 
initial steady-state condition would be restored as the net outward anionic 
flux across the surface membrane falls or rises to equal the output from the 
electrode. Thus it would be expected that the time constant of recovery, whose 
mean value is about 30 sec (derived from the mean half-time of about 20 sec), 
is dependent on the properties of the cell and not of the electrode, and that 
it would be the same in both directions, as is actually observed (Figs. 161, 
17A,B). For present purposes, no serious error is introduced by assuming that, 
when the microelectrode is filled with a potassium salt, these curves for the 
1.p.8. P- ’s also express changes in the intracellular concentration of the anion 
species under investigation. 

One may now profitably devils theoretical equations to describe the 
changes in intracellular concentration of such an anion species after the passage 
of a current through a microelectrode containing the appropriate potassium 
salt. During the initial steady state before the passage of the current, the 
anionic flux out of the microelectrode will equal the net outward flux across 
the surface membrane of the neurone. Suppose now that a hyperpolarizing or 
depolarizing current is passed through the microelectrode, so increasing or 
decreasing the quantity of that anion species within the cell. After this 
current the rate of change of the amount of anion within the cell may be 
expressed as 


where v is the volume of the cell, A is the area of its surface membrane and / 
is the proportionality constant that at the resting membrane potential relates 
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the ionic efflux across the membrane to the intracellular concentration, C, the 
initial steady-state value of which is C;. k is not a true permeability constant, 
in that it includes the effect of the electrical potential gradient across the 
membrane as well as the membrane permeability as strictly defined. 
Integrating and rearranging eqn. (1): 
C=C,+(C,—C,) (2) 


where C, is the concentration at zero time, i.e. at the cessation of the hyper- 
polarizing or depolarizing current, t being measured from this instant. This 
expression shows that the concentration will fall or rise from C, to C, with an 
exponential time constant of v/kA, which is the time constant that has a 
duration of about 30 sec in our experiments. 

A more complex situation exists during injection of anions by a hyper- 
polarizing current, because the membrane potential is then displaced far from 
the initial resting value, and as a consequence there is a large alteration in the 
value of k, when the conditions are expressed as in eqn. (1). For example, 
when the interior of the cell is made more negative by a hyperpolarizing 
current, there will be a large increase in the value of & because there is an 
increase in the membrane potential, and hence in the driving force for the 
outward movements of anions. Thus, though still expressed as v/kA, the time 
constant for establishment of equilibrium during the passage of a hyper- 
polarizing current would be expected to be much briefer than the time constant 
for recovery after the current. The expected difference may be seen between the 
rising and falling phases of the curve in Fig. 5A, where the respective time 
constants are about 20 and 40 sec. On the other hand, no large error has been 
introduced by assuming a constant value for k after cessation of the applied 
current, because the change in membrane potential has been small throughout 
the recovery process (cf. Fig. 5B). 

Having determined the value for k (as above defined), it is possible to cal- 
culate the total Cl ion efflux from the motoneurone under normal steady-state 
conditions. Thus, if M,, denotes the outward flux of Cl” ions, the total efflux 
will be given by two expressions, which may therefore be equatéd: 


where [Cl], is the normal intracellular concentration of Cl ions, Since at the 


resting membrane potential the time constant, v/kA, has been found to be 
about 30 sec for Cl ions, 


= = —0-07 pmole/sec 


‘if [(Cl],=9 mm (cf. §C, below) and v=2-3 x 10-? cm* (Coombs al. 1955). 


Since this chloride efflux occurs at the normal steady state, and since it has 
not been necessary to postulate a chloride pump (cf. § C, below), there will be 
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the same diffusional influx. It thus is possible to calculate the membrane 
conductance for — ions, Go, from the formula derived by Hodgkin 
(1951), 


"RT 


where F, R and T have the usual connotation. The value so calculated for 
AGgq, 9-25 x10-* mho, represents the chloride conductance for the whole 
neuronal surface, and hence is to be compared with the approximate measured 
value, 10-* mho, for the total conductance (Coombs ef al. 1955a). This pro- 
portion of 20-30% of the total membrane conductance is in good agreement 
with the proportions calculated for the chloride conductance of giant axons 
and striated muscle fibres (Hodgkin & Katz, 1949; Hodgkin, 1951; Hodgkin & 
Huxley, 19526; Shanes, Grundfest & Freygang, 1953), The most unreliable 
estimate used in the above calculation was the value for the volume of the 
motoneurone, It has been suggested that this estimate could be too low by 
a factor of two (Coombs et al. 1955a). By assuming double the value for v, G, 
is doubled in size and so would account for about half of the total conductance. 
If an area of 5 x 10-* cm? is assumed for A, i.e. for the effective surface area of 
the motoneurone (Coombs et al. 1955a), a value of 0-07 pmole/sec for the whole 
neuronal surface corresponds to a value for M,, of 140 pmole cm-? sec-!, which 
is several times greater than the largest ionic fluxes observed for giant axons 
or muscle fibres (cf. Hodgkin & Keynes, 1954). 


Go Ma, 


during the i.p.s.p. 

The inhibitory response of the motoneurone may be considered to be due 
to an increased ionic conductance in those parts of the motoneuronal membrane 
under the inhibitory synapses. The consequent ionic fluxes would tend to 
change the potential of these inhibitory patches to a new equilibrium value, 
but local currents through the capacity and resistance of the remainder of the 
membrane would limit the recorded change. The actual. potential attained by 
the i.p.s.p. results from this in-parallel relationship of the inhibitory patches 
and the rest of the membrane. These local currents are eliminated when, by a 
background of applied current, the membrane potential is adjusted so that it 
is not changed by the i.p.s.p., which is precisely the reversal-potential for the 
i.p.s.p. as reported in §§ A, C and D of the Results (cf. Table 1). If it be 
assumed that the applied current has not modified the action of the inhibitory 
transmitter on the post-synaptic membrane, the reversal-potential for the 
1.p.s.p. would give the value for the inhibitory equilibrium potential under 
any given condition of ionic concentrations. 

If the assumption be made that there is a uniform electric field through the 
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membrane, the net flux outwards across unit area of the membrane will be 
expressed for any cation species by 


EF (C,,—C,, 
and for any anions species by 
EF (C,,—C,, 
M,= (5) 


where £ is the membrane potential, inside with respect to outside, R, 7’, and 
F have the usual connotations, P, and P, are the permeabilities for the cation 
and anion species considered, while C,, and C,, are the respective external and 
internal concentrations for the cations, and C,, and C,, for the anions 
(Goldman, 1943; Hodgkin & Katz, 1949). The i.p.s.p. will be generated by the 
current due to the fluxes of all the ion species involved. The current density, 


At the reversal or equilibrium potential for the i.p.s.p., FX(M,—M,)=0. 

It must be assumed that the permeability to Na* ions is not significantly 
increased by the inhibitory transmitter, otherwise it would not be possible to 
account for the experimental observations on the i.p.s.p., for example, its 
hyperpolarizing character at the normal resting potential. Hence we may 
regard the fluxes of K* and CI ions as alone producing the i.p.s.p. Since the 
inhibitory transmitter appears to act by converting the inhibitory areas into a 
sieve selective towards the size of ions, but indifferent to their charge (§ A) 
it may be postulated, as a first approximation, that during the inhibitory 
process the inhibitory areas are equally permeable to ions as similar in size as 
K* and Cl ions (ef. Table 2); hence it will be assumed that Py =Po, and at 


the inhibitory equilibrium potential that Substituting 


Eqns. (4) and (5) for Mg and M, respectively and cancelling common 
factors, | | 

[K],— [K}, exp (By / RT ) + [Cl]; [Cl], exp (Ey / RT ) =0, (7) 
where [K],, [K],, [Cl], and [Cl], are the intracellular and extracellular con- 
centrations of K* and CT ions and £,,,,, ,, is the equilibrium potential for the 
i.p.s.p. This may be expressed by 


RT, | 

The external ionic concentrations may be assumed to be those of an ultra- 
filtrate of cat’s blood plasma, i.e. [K], =5-5 mm and [Cl], = 125 mm (mean values 
derived from Davson, Duke-Elder & Benham (1936), D’Silva (1936) and 
Krogh (1946) for cat’s plasma potassium end from Davson, Duke-Elder & 
Maurice (1949), Eggleton (1937), Davson et al (1936) for cat’s plasma chloride, 
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the ratios of ultrafiltrate to plasma concentration being taken as 0-93 and 
1-015 for potassium and chloride respectively (Manery, 1954)). There is good 


reason for regarding the equilibrium potential for the positive after-potential 


(mean value —88-5 mV in Table 1 column 6) as the equilibrium potential for 
K* ions, i.e. as Ex, (Coombs et al. 19554); hence it is possible to calculate [K], 
according to the formula 


[K],=[K], exp (— F/RT) =5-5 exp (88-5/26-8) = 151 mm. 


If the mean equilibrium potential for the i.p.s.p. (#;,,,,,,) is taken as —79 mV 
(cf. columns 4 and 5, Table 1), [Cl]; can be directly calculated from eqn. 8 
as having the value of 8-9 mm. 

Given [Cl], as 125 mm, the equilibrium potential for Cl ions may be deter- 
mined from the Nernst equation as being —71 mV, which is in close agreement 
with the normal resting potential across the motoneuronal membrane (cf. 
Brock et al. 1952; Coombs et al. 1955a; Table 1, column 3). Thus it appears 
that normally Cl ions are in electro-chemical equilibrium across the membrane. 
This conclusion agrees with that derived from investigations on other mem- 
branes, e.g. of muscle fibres and giant axons (Hodgkin, 1951) and of erythro- 
cytes (Krogh, 1946). However, the significance of our calculation must be 
evaluated against the assumption on which it was based, viz. that the 
inhibitory membrane is equally permeable to K* and Cl" ions. 


D. The ionic fluxes generating the 1.p.s.p. 

It is now possible to construct a diagrammatic representation of the 
explanation that has been proposed for the generation of the i:p.s.p. On the 
left side of Fig. 18A there is shown an element of an inhibitory patch of the 
motoneuronal membrane with K* and Cl” resistance-voltage components in 
parallel and on the right side there is an ordinary element of the membrane. 
The battery on the right side represents the resting membrane potential with 
-@ voltage of —70 mV. For present purposes it is sufficient to operate the 
inhibitory components in an all-or-nothing manner by a ganged switch as 


shown. The actual time course of operation will be considered in a later paper. — 


In accord with the above considerations the K* and Cl” components are shown 
with identical resistances and with batteries of —90 and —70 mV respectively. 
It is to be understood that the separation between K* and Cl” elements is for 
diagrammatic purposes only. Presumably the respective ionic fluxes occur 
through the same channels in the sieve-like membrane. With the switch open 
at the resting membrane potential, there will be no current through the 
ordinary membrane element. Closure of the inhibitory switch will cause an 
inward current to flow through the K* component, so hyperpolarizing the 
membrane condenser. The Cl’ component and the ordinary membrane elements 


will in part shunt this effect, i.e. it is postulated that, under the conditions of 
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normal resting potential and ionic composition, the hyperpolarizing i.p.s.p. 
is generated solely by the flux of K* ions. By applying an extrinsic current 
the membrane potential can be preset at any desired level (Results, § A). If it 
is preset at —80 mV, on closing the inhibitory switch in Fig. 18.A, the inward 
current through the K* component just equals the outward current through 
the Cl component, i.e. the inhibitory element provides no current for the 
remainder of the membrane. This is precisely the condition obtaining at the 
equilibrium potential for the i.p.s.p. 


' T 
~ 
~ 
~ 
. 
i 
—80 60 —40 20 


Membrane potential (mV) 


Fig. 18. A. Diagrammatic representation of the electrical properties of an ordinary element of 
the neuronal membrane and of an inhibitory element with K* and CI” ion components in 
parallel. Further description in text. B. I.p.s.p./membrane potential curves drawn on 
co-ordinates having equal values as described in the text. The arrows give the actual potential 
loci for i.p.s.p. responses corresponding to the four points designated @ on the continuous 
line, Further description in text. 


When the membrane potential is displaced from this equilibrium potential, 
Fig. 2 shows that the i.p.s.p. is changed in the direction that counteracts this 
initial displacement, i.e. it can be considered as effecting a partial restoration. 
The mechanism of this restoration can be appreciated by reference to Fig. 18 A. 
Closure of the Z-switch will cause current to flow through the J-element in the 
direction which will displace the membrane potential back towards the equi- 
librium potential of —80 mV. The effectiveness of this restorative action is 
illustrated in Fig. 18B, where the curves of Figs. 2A, 14A (+) and 14C (A) 
are drawn on equi-valued potential co-ordinates. For the curve of Fig. 2A 
the potential loci during the i.p.s.p.’s are represented by arrows for a series of 


_ initial membrane potentials, A background of extrinsic current sets the level 


of each membrane potential and continues throughout the response. The loci 
are drawn at 45° because, when the i.p.s.p. attains any potential, there is 
necessarily an equivalent alteration of membrane potential. If there was 
100% restoration at the summit of the i.p.s.p., the arrows would end on the 
vertical line through the equilibrium potential of —80 mV. It will be seen that 
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the restoration was as large as 25% for the depolarized membrane, whereas 


it was only 16% at the normal resting potential. This variation is of course 


also indicated by the increasing steepness of the i-p.s.p./membrane potential 
curve as the membrane becomes more depolarized (cf. Figs. 2, 4, 6, 8H, 14 
and 16B). Fig. 18A is defective in that it does not account for this non-linear 
behaviour. In order to do so, account must be taken of the Cl and K* ion 
concentrations on the two sides of the membrane. The more depolarized the 
membrane the less effectively will it impede the movement of ions from the 
side on which they are in greater concentration—if cations, outward, or if 


anions, inward. The reverse situation occurs when the membrane is: hyper- 


polarized. Fig. 18B also indicates the importance of these relative ionic 
concentrations, for the restoration for the curves derived from Fig. 14 A and C 
was increased to as much as 51 and 60% respectively. Thus, for any given 
ionic composition, the resistances in the K* and Cl components behave in a 
non-linear fashion, a property which is symbolized by the encircling dots in 
Fig. 18 A. 

When it is assumed, as in the preceding section, that Kt and Cl are the 
only ion species normally contributing to the generation of the i.p.s.p., and 
that during the inhibitory response the inhibitory areas of the membrane have 
the same permeability coefficient, P,, to these two species, the equations 4, 5 
and 6 may be arranged in the form, 


RT 


1 —ekFiRT (9) 

In the application of this equation a fundamental assumption is that the 
permeability factor P; is not changed in value by changes in the membrane 
potential, This is reasonable in view of the chemical transmission hypothesis, 
according to which the peculiar changes in the post-junctional membrane 
which are elicited by the junctional transmitter cannot be elicited by electrical 
means. In plotting eqn. 9 (Fig. 19A) the values for J,,,,,/FP; have been 
calculated for various values of the membrane potential (Z#) from —140 to 
0 mV when the assumed values for [K],, [K],, [Cl],, [Cl], are 5-5, 150, 125 
and 9 mM respectively, i.e. approximately at normal levels (cf. § C). No further 
assumption is made in plotting the curve. The two other curves drawn as 
broken lines show the curves for the two components, 


RT| 


of the right side of eqn. 9, which plot respectively ionic fluxes giving internal 
positivity (the upper broken line) and internal negativity (the lower broken 
line). The continuous line represents the sum of these two curves. — 
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Since P; has been assumed to be constant for any particular inhibitory 
response, the values for the ordinates of Fig. 19 A, i.e. for Ii pap.|FP;, would 
be proportional to the ionic current densities (J,,,, ,,) at the respective mem- 
brane potentials. Furthermore, since the membrane capacity may be assumed 
to be unaltered, these values would be approximately proportional to the 
maximum rates of rise of the recorded i.p.s.p.’s, the additional assumption 
being made that the intracellular microelectrode picks up a constant fraction 
of the i.p.s.p. that is generated by the currents through the inhibitory patches. 
This assumption appears to be justified because the membrane conductance is 
not greatly altered over the range of membrane potentials employed in our 
experiments (Coombset al. 1955a). Hence, with suitable scaling of the ordinates, 


K, Cl, Cl, 4200 

—— 55 125 150 9 bs 


Membrane potential (mV) Membrane potential (mV) 


Fig. 19. A. The continuous line gives the curve when computed values for /,,,,,/F P, attheassumed 

_ normal intracellular ionic concentrations are plotted against membrane potential as described 
in the text (cf. eqn. 9). Since the ordinate scaling is for the calculated net ionic flux rates 
divided by the permeability constant of the membrane it has the dimensions of a concentra- 
tion as shown. The derivation of the two broken lines is described in the text. B. The 
continuous line is plotted as in Fig. 18 A, while the other lines represent the computed curves 
when the intracellular ionic concentrations are altered as described in the text, and indicated 
in the figure. 


the curve shown by the continuous line in Fig. 19 A can be regarded as plotting 
the theoretical curve for the effect of variations in the membrane potential on 
the maximum slope of an i.p.s.p. However, our experimental curves have been 
drawn, not for the maximum slopes of the i.p.s.p.’s, but for their peak ampli- 
tudes, which on two counts are less satisfactory for comparison with Fig. 19A: 
first, the potentials attained by the peak amplitudes are much more modified 


by decay due to current flow through the general neuronal membrane than 
' are the maximum slopes; secondly, there must necessarily be a considerable 


change in membrane potential, i.e. in abscissal scaling, at the peak amplitude 
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(cf. arrows in Fig. 18B), whereas the maximum slope of the i.p.s.p. occurs 
when there is a relatively small change in membrane potential. However, the 
time courses of the i.p.s.p.’s are approximately constant over our experimental 
ranges of membrane potential (cf. Fig. 1), so the forms of the experimental 
curves for i.p.s.p. summits should not deviate widely from those for slopes. 
As expected, good agreement has been observed when both curves were 
plotted for i.p.s.p.’s that were recorded with a much faster time-base than 
those of Figs. 1, 3 and 13. It is therefore significant that the experimental 
curves plotting the peak potentials of the i.p.s.p. against membrane potentials 
(Figs. 2, 4, 6, 8E, 14 and 16B) agree closely with the theoretical curve of 
Fig. 19A, having approximately the same reversal potential and upward 
convexity. 

Small deviations between the slopes and peak potentials of the i.p.s.p. occur close to the reversal 
point for the i.p.s.p., where the time course shows a diphasic form (cf. Fig. 9B, C). Also a sig- 
nificant deviation sometimes occurs with large i.p.s.p.’s in the depolarizing direction (cf. Coombs 
et al. 1953, fig. 2B), where it appears that a spike-like process is superimposed on the i.p.s.p. This 
effect is presumably caused by a partial activation of the sodium-carrier mechanism by the large 
depolarization, and it causes a large increase in the values for the two upper plotted points of the 
derived curve (Coombs et al. 1953, fig. 3, © points), and hence an apparent linear relationship 
of i.p.s.p. to membrane potential instead of the curve with upward convexity as in the experi- 
mental curves of Figs. 2, 4, 6, 8E, 14, 16B and the theoretical curves of Fig. 19. 

In Fig. 19 B the normal curve is combined with a family of curves calculated 
for various alterations of [Cl], and [K],, such as are assumed to occur experi- 
mentally. The calculated curve for an increase in [Cl], to 50 mm would be 
approximately the condition obtaining after passing a hyperpolarizing current 
through a chloride microelectrode as, for example, in Figs. 4, 6and 17C. There 
is good agreement with the experimentally determined curves. Furthermore, 
if it be assumed that during the i.p.s.p. there is the same increase in per- 
meability towards Br’, NO; and SCN ions, the internal concentrations of 
such ions would be merely added to the [Cl], value and a similar curve would 
be obtained by calculation, which again agrees with experiment. 

With the passage of a depolarizing current through a Na,SO,-or((CH,),N),S0,- 
filled microelectrode it has been postulated that both the decreased [K], and 
increased [Cl], would displace the i.p.s.p. in the depolarizing direction. The 
calculated curves of Fig. 19B reveal that an assumed diminution of [K], from 
150 to 80 mm has a much smaller effect than an assumed increase of [Cl], from 
9 to 50 mm for all membrane potentials beyond the very low value of — 14 mV, 
though the actual increase in Cl” ions was less than 60% of the decrease in 
K* ions. The combined effect of [Cl], increase and [K*], decrease, however, 
gives a curve which is in reasonable agreement with the curve plotted in 
Fig. 14A (+ points) after a depolarizing current that would cause approxi- 
mately this depletion of [K*], ions, but probably a smaller increase in 
[Cl ions, 
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CONCLUSIONS 


A simple hypothesis has been developed which provides satisfactory explana- 
tions of the effects produced on the inhibitory post-synaptic potential of 
motoneurones by variations of their membrane potential and of their ionic 
composition. According to this hypothesis the inhibitory transmitter sub- 
stance that is liberated from the inhibitory presynaptic terminals acts on the 
inhibitory patches of the post-synaptic membrane and greatly increases their 
permeability to all ions below a critical size, ic. to K*, Cl”, NO;, Br and 
SCN’. Under ordinary physiological conditions Kt and Cl” ions are the 
important permeable ions, the membrane being about equally permeable to 
them, while the relative impermeability of the membrane to Na* ions is un- 
changed. The equilibrium potential for the inhibitory post-synaptic potential 
is about —80mV, i.e. about 10mV more negative than the normal 
resting potential, while the equilibrium potential for the positive after- 
potential, i.e. for K* ions only, is about ~90 mV (Coombs et al. 1955a). From 
these values and the external K* and Cl ion concentrations, the internal Cl” 
concentration has been calculated to be about 9 mm which indicates that there 
is approximately chloride equilibrium at the normal resting potential. Thus, 
according to the hypothesis, at the resting membrane potential the hyper- 
polarizing inhibitory potential would be entirely due to the flux of K* ions, 
the flux of Cl” ions actually limiting its size. However, when the membrane is 
depolarized, as would occur during an excitatory post-synaptic potential, the 
Cl ion flux will operate in the same way as the K* ion flux to counteract the 
depolarization. The effectiveness of the conjoint K* and Cl” fluxes in pre- 
venting the generation of an impulse by the excitatory post-synaptic potential 
will be discussed in a later paper (Coombs, Eccles & Fatt, 19556), where it will 
be shown thatit is possible in this way to account satisfactorily for the observed 
inhibitory effects. That paper will also deal with the time course of the raised 
ionic permeability produced by a single inhibitory volley. 


SUMMARY 


1. Two new techniques have been applied to motoneurones in an in- 
vestigation of the ionic mechanisms concerned in producing the inhibitory 
response known as the inhibitory post-synaptic potential, (i.p.s.p.), which 
normally is a hyperpolarization of the neuronal membrane. 

(A) Double-barrelled microelectrodes have been inserted into motoneurones 
of anaesthetized cats so that the inhibitory potentials can be recorded through 
one barrel when the membrane potential is preset at any desired value above 
or below the resting potential by current through the other barrel. 

(B) By passing through the intracellular microelectrode a measured current 
for a measured period, the ionic composition of the neurone has been altered 
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by injecting known amounts of ions. Currents that hyperpolarize the neuronal 
membrane are almost entirely carried out of the microelectrode by anions, 


which are thus injected from the microelectrode into the neurone. Similarly, 


cations are injected by the reverse current. Complications arise because there 
is a background diffusion of ions from the electrode into the neurone, and also 
on account of the ionic flux which carries the applied current across the 
neuronal membrane. It has been possible experimentally to make approximate 
estimates of the effects produced by these complications. 

2. Using technique (A) it has been possible to construct curves expressing 
the relationship of the i-p.s.p. to the membrane potential. Normally the 
i.p.8.p. is reversed to a depolarizing response when the membrane is hyper- 
polarized beyond about 10 mV above the resting level. 

3. Using technique (B) it has been shown that the i.p.s.p. is converted to a 
depolarizing response by increase in the intracellular concentration of some 
monovalent anions, Cl , Br’, NO; and SCN , which appear about equipotent 
in this respect. The larger monovalent anions, HCO;,CH,COO™ and glutamate 
have little or no effect and the large polyvalent anions SOf- and HPO] are 
quite ineffective. During any injecting current the changes develop exponen- 
tially towards an equilibrium with a time constant of about 20 sec, and on 
cessation of the current there is usually a fairly complete recovery along 
an exponential time course, with a rather longer time constant, about 
30 sec. 

4. When a depolarizing current is passed through the microelectrode, it 
appears that the changes in the i.p.s.p. are largely attributable to the ionic 
flux that conveys the current across the neuronal membrane, the neurone 
suffering both a loss of potassium and a gain of chloride. Comparison of 
experiments with potassium, sodium and tetramethylammonium salts in the 
electrode has indicated that the displacement of the i.p.s.p. in the depolarizing 
direction is attributable not only to the gain in chloride, but also to the loss of 
potassium. As indicated by the changes in the i.p.s.p., when the potassium is 
replaced by tetramethylammonium, the lost potassium of the neurone is 
recovered very slowly if at all. Presumably the neurone has difficulty in 
eliminating the tetramethylammonium. When it is replaced by sodium, there 


is always complete recovery with a time constant of about 5 min, which may ~ -} 


be regarded as the time-constant for elimination of the excess sodium by the 
sodium pump. 

5. The depolarizing current also appears to act by depressing the diffusion 
of anions (Cl, Br or NOs) from the microelectrode into the neurone. As 
would be expected, on cessation of the current the diffusion from the micro- 
electrode again increases the anion content with the same time constant of 


about 30sec that between the cell and its 
environment. 
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6. There is a brief theoretical treatment of the diffusional relationships 
between the motoneurone and its environment. The calculated resting rate of 
chloride. diffusion. across the membrane is considerably higher than the values 
that have been given for corresponding areas of giant fibre membranes and 


it accounts for a considerable fraction (up to half) of the ‘membrane con- 


ductance. 

7. It is postulated that the inhibitory transmitter substance greatly in- 
creases the permeability of the inhibitory patches of the post-synaptic membrane 
to some ions (K*, Cl”, NOs, Br”, SCN”) and not at all or very slightly to 
others (Na*, (CH,),N*, HPO?”, HCO;, CH,COO™). On the basis of 
this hypothesis explanations have been offered for all the changes that. are 
produced in the i.p.s.p. by varying the membrane potential and by the 
various changes in intracellular ionic composition. Since all permeable ions 
have diameters (calculated from limiting ion conductances) smaller than all the 
non-permeable, it seems that the inhibitory transmitter acts by converting 
the membrane into a sieve with pores that are — — to — the 
passage of sodium and all larger ions. . 


APPENDIX 
Changes in intracellular ionic concentrations produced by injection from a 


(A) Ionic injection by diffusion 
Since the intracellular microelectrode has in our experiments been filled with a concentrated salt 
solution, at least 1-2 equiv/l., the ionic movements from the electrode into the cell would always 
have been much greater than from the relatively low concentration in the cell, about 0-15 equiv/l., 
into the electrode. When the tip of a microelectrode is immersed in a solution identical with that 
filling it, the ionic movements into and out of the orifice will be equal, and, if the ionic conductance 
for any one ion (G,,) is known, the corresponding flux for ears ion (M,,) can be calculated from the 

relationship given by Hodgkin (1951), 
RT 
M,= G, 
where R, 7’, z and F have the usual connotation. For example, when an electrode filled with 
3m-KCl has a resistance of 3°5 x 10*°Q when immersed in 3m-KCl, it may be assumed that, on 
account of the similar mobilities of the K*+ and Cl” ions, the conductance for each will be 1-4 x 10~-’ 


_mho and hence the efflux of each ion species out of the electrode can be calculated from the above 
equation to be about 0-04 pmole/sec. When such an electrode is withdrawn from the 3m-KCl 


and similarly immersed in a 0-15M-KCI solution, i.e. in a solution approximately isotonic with the 
interior of a cell, the resistance rises within a second or so to a new steady level almost three times 
the value measured in a 3m-KCi solution; for example, for the electrode considered above, the 
resistance rises to about 10 MQ. A ratio of this order has been calculated on theoretical grounds 
and is also implicit in the calculated values reported by Nastuk & Hodgkin (1950). This increase 
in resistance is attributed to the dilution of the KC! solution in the terminal segment of the micro- 
electrode due to the outward diffusion of KCl at the tip, where there is initially a very high con- 
centration gradient. It should be noted that, on immersion in the lower concentration of KCl, 
alniost all of the raised resistance occurs on account of dilution within the electrode, for only about 
260,000 could occur on account of the increased specific resistance of the external medium. 
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When immersed in 0:15m-KCI the efflux of ions from the electrode cannot be calculated from 
the above equation because there will no longer be equality of efflux and influx. The reduction in 
concentration of KCl within the microelectrode near the orifice will diminish the efflux below the 
level calculated for the immersion in 3m-KCl. On the other hand, the efflux would be considerably 
higher than the value calculated according to the above equation from the conductance (10-’ mho) 
of the electrode in the 0-15m solution. For present purposes it is sufficient to regard 0-04 pmole/ 
sec as being an upper limit for the efflux of K* and Cl ions from an electrode filled with 3m-KCl 
and having a resistance of 10MQ, either when it is immersed in a solution of 0-15m-KCl, or when 
it is implanted in a cell where the solution is of about the same concentration. The ionic efflux 
varies inversely with the resistance of the microelectrode. For example, with a KCI-filled electrode 
of 5 MQ resistance, which is the lowest resistance ordinarily used, an approximate estimate of the 
ionic efflux would be 0-06 pmole/sec, which is the value quoted in Results, § B, of the text. 

If the potential of the intracellular microelectrode is altered with respect to the indifferent 
electrode, current will flow from it into the cell or vice versa, and as a consequence there will be 
modification of the ionic exchanges which are occurring by diffusion across the two interfaces 
between the cell and its environment, i.e. between the cell and the microelectrode and between 
the cell and the surrounding medium. The changes so produced in the ionic composition of a cell 
by current in either direction are complex, and not simply attributable to the injection by the 
current of anions or cations from the microelectrode. The ionic injections with the two types of 
current are considered in the next two sections. The effects on the intracellular ionic concentrations 
are dealt with in §B of the Discussion. 


(B) Ionic injection by hyperpolarizing currents 

When the microelectrode is made electrically negative to the indifferent electrode, current will 
flow from the indifferent electrode through the cell membrane into the neurone and then into the 
microelectrode, i.e, it will pass through the cell membrane in the direction that will hyperpolarize. 
The potential gradient giving such a hyperpolarizing current will modify the ionic diffusion 
obtaining between the microelectrode and the cell, increasing the anion movements into the cell 
and decreasing the cation movements. In fact the current is carried from the cell into the 
electrode by the sum of the two changes in these ionic currents, -i=F (m,—m,), where i is 
the current in amperes, the negativity denoting hyperpolarizing current, m, and m, are the 
respective changes in the diffusional transport of cations and anions measured in equivalents per 
sec, and F is the Faraday. With the largest size of KCl-filled microelectrode that we have used 
(5 MQ resistance) the rates of diffusion of K* and Cl" ions into the cell have been calculated to be 
each about 0-06 p-equiv/sec (Appendix, §A), while the rates of diffusion in the reverse direction 
(cell to microelectrode) would be so much less that they may be neglected in the present approxi- 
mate calculations. A very small hyperpolarizing current would be carried in about equal 
proportions by the increase of the anion movement into the cell and by the decrease of the cation 
movement, e.g. with 0-5 x 10-® A, the Cl efflux from the microelectrode would be increased from 
0-06 to about 0-085 p-equiv/sec, while the K* efflux would be decreased from 0-06 to about 
0-035 p-equiv/sec. However, the current applied through the microelectrode has been much 
larger, often about ten times. Assuming complete suppression of the background K* efflux, which 
would carry a current of about 0-6 x 10~-* A, the Cl” efflux would have to be increased from 0-06 
to 0-5 p-equiv/sec in order to carry a hyperpolarizing current of 5 x 10-*A. This increase in Cl” 
efflux is overestimated by the small amount of K* influx from the cell into the microelectrode. 
Usually the microelectrode has had a resistance of 10-20 MQ, so the effects of background ionic 
diffusion from the microelectrode were usually much smaller than in this numerical illustration. 
When the microelectrode is filled with other salts, there must be a similar rate of injection of other 
anions by a hyperpolarizing current (approximately 0-1 p-equiv/sec for each 10-* A of current). 

However, it cannot be assumed that the injected anions simply accumulate progressively in the 
cell. For example, chloride ions (and also bromide, nitrate and thiocyanate ions) diffuse freely 
across the cell membrane (Discussion, §B), and their outward flux across the membrane will be 
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increased as the internal concentration rises and also on adcount of the larger driving force exerted 
by the increased potential gradient which the current produces in the membrane. Since the in- 
ternal mobile anions would be initially in low concentration, the inward membrane current (i.e. 
the hyperpolarizing current) would be carried largely by the influx of K* and Na* ions, a likely 
proportion being about 30% for the anionic share of the current (cf. Discussion, §B). With in- 
creasing concentration of internal anions, however, the outward anion flux would contribute 
progressively more to this current. A further mechanism tending to limit the progressive increase 
in the concentration of internal anions is provided by the osmotic influx of water across the cell 
membrane which would occur on account of the increase in salt content produced in the cell due to 
the Na+ and K* ions coming from outside and anions from the electrode. For example, when passed 


through a chloride-filled electrode, a hyperpolarizing current of 5 x 10-* A injects about 0-5 


p-equiv/sec of Cl” ions into the cell. If the exponential time constant for Cl” equilibrium between 
the cell and its environment is 30 sec (Discussion, § B), a steady state is reached during the passage 
of the current when the Cl" content of the cell is increased by 15 p-equiv. However, due to the 
increased membrane potential the time constant may be decreased even to one-half (cf. Fig. 5A), 
in which case the Cl” content of the cell would be increased by only 7:5 p-equiv. Nevertheless, 
there would still be a considerable increase in the concentration of Cl” ions, more than 30 mu, if 
the cell volume is assumed to be 2:3 x 10-? cm® (cf. Coombs et al. 19552). This represents a large 
relative change, for the normal concentration has been calculated to be only about 9 mm (Dis- — 
cussion, §C). In making this calculation the osmotic influx of water across the membrane has been 
neglected, but it can be shown to have a relatively small effect for such injections of anions. For 
example, an increase in both the anion and cation concentrations by 30 mm increases the osmotic 
pressure of the cell by about 20%. Thus the consequent influx of water would cause a 20% in- 
crease in the water content of the cell, and hence the increase in anion concentration would be 
reduced from 30 to 24 mm. However, the osmotic influx of water would be much more important 
when relatively impermeable anions such as sulphate or phosphate were injected. Probably 
osmotic influx of water then provides the only significant check against a progressive increase in 
anion concentration during a hyperpolarizing current. 


(C) Ionic injection by depolarizing currents 
When the microelectrode is made electrically positive to the indifferent electrode, i.e. when a 
depolarizing current is passed, the ionic diffusion between the microelectrode and the cell will be 


affected in the direction opposite to that for a hyperpolarizing current, the anion movements into 


the cell being decreased or even suppressed, while the cation movements are increased. It can be 
assumed, likewise, that the cation flux out of the microelectrode will inject about 0-1 p-equiv/sec 
of cations into the cell for each 10-*A of current. On analogy with the membranes of other 


_ excitable cells (Hodgkin & Huxley, 1952a, b), it may be assumed that normally more than half 


(perhaps about 0-7) of the depolarizing current is carried across the membrane by the net outward 


flux of K* ions, with the inward flux of CI” ions carrying most of the remainder (cf. Discussion, § B). 


With a K,S0,-filled electrode there would be virtually no progressive change in the proportional 
carriage of current across the membrane. Since current would be carried out of the electrode 
almost exclusively by K* ions, and the transference number for K* ions is probably about 0-7 
for the outward current across the membrane, there would tend to be an increase in intracellular 
K* ion concentration. Since the remaining 0-3 of the membrane current would be carried largely 
by the inward flux of Cl” ions, for each 10-* A of depolarizing current there would be an addition 


_ of about 0-08 p-equiv/sec of K* and CI” ions to the cell. This increase in salt concentration would 


cause an osmotic influx of water across the surface membrane which would tend to restore the 
osmotic pressure to normal, i.e. to bring the K* ion concentration down to 150 mm. An approxi- 
mate value for this rate of osmotic change may be derived from measurements on the giant axons 


__ of cephalopods (Hill, 1950). Making due allowance for the different volume to surface ratios, the 


time constant for osmotic equilibration would lie between 4 and 8 sec for the motoneurone, 
Probably the value would be still shorter, for the motoneuronal membrane has been calculated to 


_ be several times more permeable to ions than the giant fibre membrane (Discussion, § B), and hence 
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presumably it is also more permeable to water. Thus the time constant for osmotic equilibration 
night be well less than 10% of that for ionic equilibration, which is about 30 sec for the small 
anions. Under such conditions, during the passage of a depolarizing current through a K,SO, 
electrode, there would be a negligible increase in the intracellular K* concentration above its 
normal value of 150 mm, for the influx of water across the cell membrane would virtually parallel! 
the net gain of K* ions produced by the current flow; for example, the usual intensity of current, 
5 x 10-*A, would cause an increase of only 4% in the intracellular K* ion concentration. As 
with a hyperpolarizing current, this osmotic influx of water would not seriously depress the 
relative increase in the internal Cl” concentration by the influx across the membrane, for, in 
contrast to K*, the initial Cl” concentration is very low. However, the respective transference 
numbers that have assumed for the hyperpolarizing and depolarizing currents indicate that the 
rate of addition of Cl” by a depolarizing current would be less than half of that produced by a 
similar hyperpolarizing current. 

Very different conditions prevail when the depolarizing current is applied through a Na,SO,- 
filled electrode. Throughout there would be a sodium transference number of nearly unity for the 
current from electrode to cell. As above, the current would be carried initially across the membrane 
by the outward flux of K* ions and the inward flux of Cl ions with respective transference numbers 
_ probably of about 0-7 and 0-3. Thus there will be a progressive loss of K* ions and gain of Na* 
and Cl” ions. The consequent rapid depletion of intracellular K* ions (initially at about 0-07 p- 
equiv/sec for every 10-* A) will result in a progressive change in the transference numbers across 
the membrane: the potassium efflux will fall progressively, while the chloride influx will rise 
(perhaps even to double the initial value), and to a smaller extent there will be an increase in the 
net outward flux of Na* ions. Thus the principal effects of the current on the intracellular ionic 
composition will be a substitution of Na* ions for K* ions and an increase in CI” ions. This latter 
increase will be considerably larger than when the current is passed through a K,SO,-filled 
electrode, Similar changes in the K* and CI” ion concentrations would be expected when the 
depolarizing current is passed through a ((CH,),N),SO,-filled electrode. _ 
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_ EXCITATORY SYNAPTIC ACTION IN MOTONEURONES » 
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The excitatory synaptic action in motoneurones may be effectively studied by 
following the procedures that have given significant results at the neuromuscu- 
lar junction. At the latter junction a consistent body of evidence indicates 
that an impulse in the pre-junctional nerve fibre causes the release of a small 
quantity of acetylcholine in juxtaposition to a specialized receptive region of 
the post-junctional muscle fibre. The acetylcholine causes this region of the 
-post-junctional membrane to develop a high non-selective permeability to 
ions (Fatt & Katz, 1951; Castillo & Katz, 1954). Thus the receptive region acts 
as a short-circuit of the membrane potential initially present in the muscle 
fibre, so producing the observed electrical change. The phase of increased 
ionic permeability with the consequent transference of charge is brief com- 


pared to the resting time constant of the membrane. At the termination of this" 


active phase of transmission the membrane is left with its potential displaced 
from the resting level, and it proceeds to return toward this level at a rate 
determined by the resistance and capacity of the resting membrane. These 
events appear to account completely for the time course of the end-plate 
potential (e.p.p.) which is observed in fast amphibian muscle fibres that have 
not been excited to give spike-potentials. 

There is no evidence that acetylcholine has any specific and direct excitatory 
action on motoneurones in the central nervous system. There are good grounds 
for supposing that acetylcholine would not be released from collaterals of 
primary afferent fibres, some of which form excitatory synaptic contacts with 
motoneurones (cf. Loewi & Hellauer, 1938). Nevertheless, it has been recog- 
nized that the excitatory post-synaptic potential of spinal motoneurones 
(hereafter referred to as e.p.s.p.) resembles closely the e.p.p. 

In the present paper investigations have been carried out in order to dis- 
cover if the synaptic response of motoneurones is generated by the same 
mechanism as the end-plate response, i.e. by a brief short-circuit of the 
membrane potential. Where divergences occur, attempts have been made to 
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determine whether these arise from differences in the electrical properties of 
the cell membrane in parallel with the junction, or from fundamental differences 
in the generation of the two types of response. The complex morphology of the » 
motoneurone makes it a more difficult preparation for interpreting experi- 
mental data than the muscle fibre. Presumably intracellular recording with a 
microelectrode gives an average potential for the interior of the soma, and 


therefore does not help in determining whether different parts of the surface 


membranes covering the soma and dendrites are responding in different ways 


during the e.p.s.p. 


In addition, some experiments have been made on the interaction of the 
¢.p.8.p. with the motoneurone action potential and on the time course of the 


eps.p. These experiments have been suggested by recent work on other 


aspects of motoneurone activity, which suggests some of the earlier findings 
on the ¢.p.s.p. may need re-interpretation. Finally, the injection of various 
species of ions into the motoneurone has been used to determine whether 
any of these are specifically involved in the generation of the’ é. - 8.p. 


METHODS 


The use of the double-barrelled intracellular microelectrode for the passage of current to control 
membrane polarization with the simultaneous recording of membrane potential has been described 
in previous papers (Coombs, Eccles & Fatt, 1955a, b). The same papers also describe the ostaihcnane 
lar injection of ions. 

For eliciting excitatory synaptic activity, the monosynaptic pathway from peripheral nerve to 
motoneurone was regularly employed. This required stimulating the afferent fibres to annulo- 
spiral endings (the group Ia fibres) in the synergic muscle group to which the motoneurone 
under observation belonged. Often there was a slight contamination in the afferent volley by 


- impulses in fibres from Golgi tendon organs (group Ib fibres). When present, this could be respon- 


sible for an inhibitory synaptic activity commencing about 1 msec after the beginning of the e.p.s.p. 
produced by the Ia impulses (Laporte & Lloyd, 1952). The possible occurrence of this inhibitory 
activity was considered when interpreting the experimental findings. 


RESULTS 
Effect of membrane potential on the e.p.s.p. 
= ents of observation. The initial level of membrane potential, i.e, the mem- 
brane potential occurring in the absence of synaptic activity, was pre-set by 
passing a current through one barrel of the double-barrelled microelectrode 
and across the membrane of the motoneurone within which the tip of the micro- 
electrode was implanted. The potential then existing across the membrane 
was measured by use of the other barrel, allowance being made for the poten- 


_ tial changes produced at the microelectrode orifice by the resistive coupling of 
__ the two barrels (cf. Coombs et al. 1955a). Figs. 2C and 3B give curves relating 
_ observed steady potentials to applied current for experiments with two 
- motoneurones from which e.p.s.p.’s were recorded. Filled circles represent 
_ potentials recorded within the cell, and open circles represent potentials 
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recorded after withdrawal from the cell, each series being obtained over the 
range of current intensities indicated by the abscissa. Subtraction of the 
potential of a point on the extracellularly-determined curve from that on the 
intracellularly-determined curve for a corresponding current gives the mem- 
_ brane potential for that current, and this is used as the abscissa in Figs. 2A, B 
and 3A. Provided that no spike-potentials precede the recording by less than 
about 0-1 sec, the relation of membrane potential to current is nearly linear 
(cf. Coombs et al. 1955a), 

In the present paper the primary concern with these siecle) in potential 
was to see how the e.p.s.p. would thereby be affected. Fig. 1 gives examples of 
the ¢.p.s.p. set up in a motoneurone at various levels of membrane potential. 
In order to improve the accuracy of the observations, fifteen to twenty traces 
at intervals of about 0-2 sec have been superimposed in forming each record. 
Alongside each record is indicated the level of membrane potential at which 
it was obtained, i.e. the potential of the interior of the neurone with respect to 
the exterior. The resting potential for the motoneurone illustrated here was 
~—66 mV. Thus e.p.s.p.’s are given for membrane potentials ranging from some 
tens of mV above the resting potential (increased internal negativity) to a re- 
versal of some tens of mV (into a region of intraneuronal positivity). The maxi- 
mum rate of rise and the peak amplitude of the é.p.s.p.’s have been measured 
for an extensive series of recordings in the motoneurone, only a part of which 
is shown in Fig. 1, and these have been plotted as open circles in Fig. 2A and B. 
Within a restricted range of membrane potentials the e.p.s.p. is able to set up 
an action potential and the peak amplitude cannot then be determined 
(records at —42 and —60 mV in Fig. 1), For such records, the amplitude 
attained at the point of maximum curvature is plotted as filled circles in 
Fig. 2B. Fig. 3A gives for another motoneurone a plotting of the rate of rise of 
the e.p.s.p. against the membrane potential, which, however, extended over 
a smaller range than in Fig. 2A. Records from still another motoneurone are 
shown in Fig. 4 A-C, where the e.p.s.p.’s are those occurring at widely separated 
membrane potentials, the bottom one on hyperpolarizing and the top one on 
depolarizing and reversing the membrane potential. These records were 
obtained with a slower sweep speed than those in Fig. 1 in order to display 
the later parts of the e.p.s.p. 

Effect of hyperpolarization. In most motoneurones the peak amplitude of the 
é.p.8.p. was not changed significantly by hyperpolarization (e.g. Fig. 2B). 
With other motoneurones it was increased or decreased slightly with increasing 
membrane potential, but in no case was the increase of such extent that the 
amplitude of the é.p.s.p. approached proportionality with the absolute level 
of membrane potential, such as was found for the e.p.p. when the muscle fibre 
was hyperpolarized (Fatt & Katz, 1951), and as is shown veel to hold a <a 
e.p.s.p. when the motoneurone is depolarized. 
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Fig. 1 : . Fig. 2. 
1. E.p.s.p.’s set up in a biceps-semitendin motoneurone at various levels of membrane 


potential. Membrane potentials are indicated in mV to the left of each record as the potential 
of the interior of the cell with respect to the exterior. The resting potential was at — 66 mV; 
the other potentials were obtained by the application of an extrinsic current. In each record 
decreasing internal negativity (depolarization from the resting level) or increasing internal 
positivity is upward. The records are each formed by superimposing 15-20 sweeps with the 
response occurring at the same relative time during the sweep, The scatter of individual sweeps 
in the records at greatest internal positivity is caused by fluctuations in the initial level of 
membrane potential. Action potentials are evoked by the e.p.s.p. at membrane potentials of 
-42 and -60 mV. | 

2. (A) Plotting of maximum rate of rise of e.p.s.p. against initial level of membrane potential. 
Ordinates are the time rates of decreasing internal negativity or increasing internal positivity ; 
abscissae are potentials of interior of motoneurone with respect to exterior. (B) Plot of peak 
ainplitude of e.p.s.p. (OQ) and point of maximum curvature at start of action potential (@) 
against initial level of membrane potential. Ordinates are amplitudes of transient decrease of 
internal negativity or increase of internal positivity ; abscissae as in A, (C) Plot of steady level 
of potential recorded inside the motoneuroné (@) and after withdrawing from the moto- 
neurone (Q) against current. Ordinates are potentials at orifice of microelectrode with respect 
to distant surroundings; abscissae are currents applied by microelectrode in the direction 
outward from the orifice. 
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The main effect of hyperpolarization was a shortening in the time course of 
the e.p.s.p. Its summit was attained earlier and was considerably sharper, and 
the decay of the e.p.s.p. was accelerated. In the example of Fig. 1 at a mem- 
brane potential of — 102 mV the summit was reached in 0-45 msec compared to 
0:7 msec at the resting potential level (—66 mV). Furthermore, in Fig. 4A, 
hyperpolarizing the membrane by about 30 mV has considerably increased the 
rate of its exponential decay, the half-time seas from 3-2 to 2-0 msec. 
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Fig. 3. (A) Plot of maximum rate of rise of e.p.s.p. against initial level of membrane potential. 
Ordinates and abscissae as in Fig. 2A. (B) Plot of steady level of membrane potential 
recorded inside the motoneurone (@) (O). 
Ordinates and abscissae as in Fig. 2C. | 3 


As is shown in the Discussion, the time constant of decay is *: Sn bya 
passive leakage of electric charge from the membrane capacity and is‘much 
longer than the active phase of transmission. While these conditions hold, the 
building up of the e.p.s.p. to its peak would be virtually independent of the 
recovery phase itself. However, with a decrease in the time constant of decay, 
the process of recovery will counteract appreciably the later part of the active 


phase of the e.p.s.p., and consequently will depress the peak amplitude reached | 


by the e.p.s.p. and make the summit earlier. In the evaluation of the intensity 
of the generating mechanism the disturbing effect of a simultaneous dissipation 
of charge while the e.p.s.p. is developing would be minimized by measuring the 
maximum rate of rise rather than peak amplitude. Another advantage of this 
parameter is that it can be used where the setting up of an action potential by 
the e.p.s.p. rules out the use of peak amplitude. Thus the curves in Figs. 2 A 
and 3A probably give the best estimate for gauging the intensity of the 
mechanism generating the e.p.s.p. 

It should be noticed that the rate of rise of the e.p.s.p. increases as the 
membrane potential is increased above the resting level. However, this in- 
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crease is still not proportional to the absolute level of membrane potential. In 
general, the increased rate of rise for a given change of membrane potential has 
decreased as the level of membrane potential has increased, making the curve 
concave downward. Though there is no indication of an abrupt change in the 
slope of the curves in Figs. 2A and 3A at the resting potential (—66 mV in 
Fig. 2A; —64 mV in Fig. 3A), it appears to be somewhere in this vicinity that, 
as the membrane potential is progressively lowered from high levels of hyper- 
polarization, a proportional relation begins to obtain between the slope of the 
e.p.s.p. and the membrane potential. In the light of the direct proportionality 
predicted by the short-circuit hypothesis, this shape of the curve suggests 
that there is, superimposed on a proportional relation between e.p.s.p. and 
membrane potential, a depression which varies according to a higher-order 
function of membrane potential, and becomes appreciable — when the 
resting potential is exceeded. 

Effect of depolarization. With all levels of depolarization tindinding levels of 
reversed potential) it is possible in Figs. 2A and 3A°to obtain a reasonable fit 


of points with a straight line passing near the intersection of zero e.p.s.p. slope 


and zero membrane potential. The peak amplitude of the e.p.s.p. is not as use- 


ful an index as the rate of rise, because over a range of membrane potentials an 


e.p.s.p. of adequate size will set up action potentials. Figs. 2A and 3A show 
that, as measured either by peak amplitude or by rate of rise, the e.p.s.p. is 
reduced and can eventually. be reversed in polarity, as the membrane potential 
upon which it occurs is reduced through the zero level. At the top of Fig. 1 
there are records of such reversed e.p.s.p.’s, which occur as a transient decrease 
of a membrane potential that is internally positive. 


_ The large outwardly directed currents that are necessary to produce a reversal of membrane 
potential often give rise to considerable experimental difficulties. In the first place, the resistance 
to the external medium that is shared by the two barrels of the microelectrode, but is independent 
of the neurone membrane (the coupling resistance), may increase drastically in the presence of 
these large currents. In every experiment correction for this coupling resistance was made by 
recording the potential changes produced by corresponding currents after withdrawing the 
electrode from the neurone. However, it is probable that the increased coupling resistance is due 
to the electrode orifice becoming blocked by the electrophoretic movement of large negatively 
charged particles, an effect which is not reproducible, especially after changing the environment 
of the electrode. There might also be a systematic error in the correction, because of a higher resis- 

tivity of the intracellular medium; however this effect is likely to be small, since it has been shown 
for nerve fibres that the intracellular medium has a resistivity only a little greater than physio- 
logical saline (Huxley & Stampfli, 1951). In the second place, during the application of a constant 


~ current, there appeared to be large changes of potential which genuinely resided in the membrane. 


Thus in Fig. 2C three points have been plotted for an outward current of +249 mpA. The first 
tecording during this current gave an uncorrected potential of +98 mV. When the current was 
terminated, the resting membrane potential was —63 mV. The same current was then reapplied 
and two recordings were made about 2 min apart giving first +69 mV and then +94 mV. When 
the current was finally terminated, the resting potential was still - 63 mV. Since the e.p.s.p. 


_ changed along with the recorded potential, the changes in potential during the constant current 
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were not due solely to changes in the electrode-coupling resistance. Progressive drifts of potential : 


during the application of a constant current have caused the scatter of individual traces in the 
upper two records of Fig. 1. | me 

The reversed e.p.s.p. was found to have an earlier summit and to decay with 
an abnormally short time constant. Although this shortening of the e.p.s.p. 
occurred to an even greater degree than when the membrane was hyper- 
polarized, it could not be satisfactorily investigated because of the difficult 
conditions of recording. Furthermore, with the present method of stimulating 


Fig. 4. (A) E.p.s.p, in a gastrocnemius motoneurone that has initially been hyperpolarized by 
about 30 mV. (B) E.p.s.p. at the resting potential of about -70 mV. (C) E.p.s.p. with the 
level of membrane potential reversed by about 10 mV. (D) Responses in a different motoneu- 


rone from that illustrated in A-C, showing the mode of origin of spikes from an e.p.s.p.of — 


critical amplitude, The rapid upstroke of the spikes has been retouched to restore losses in 
photography. The membrane potential was initially at its resting level (—74 mV). Voltage and 
time scales to the left apply to A, B, and C; those to the right apply to D. 


the peripheral nerve there often occurred a second slower phase of decreasing 
internal positivity, beginning about 1 msec after the start of the e.p.s.p., as is 
illustrated in Fig. 4C. This effect was apparently due to a small amount of 
inhibitory synaptic activity evoked by impulses in some group Ib afferent 
fibres. The potential change produced by inhibitory synaptic activity of any 
origin would be greatly potentiated in the direction observed when the 
membrane was displaced far below the resting level (Coombs e¢ al. 1955). 
According to the short-circuit hypothesis, the reversal potential for the 
e.p.8.p. should be identical with the diffusion potential between the interior 
and exterior of the neurone (ef. Castillo & Katz,.1954). A test of the applica- 
bility of the short-circuit hypothesis is thus the evaluation of the membrane 
potential at which the e.p.s.p. is reversed. In fitting a straight line to points 
below the resting potential in Fig. 2.4, a great deal of weight has been given to a 
few measurements obtained with the largest outward currents, which is far out 
of proportion to their relative accuracy. These measurements are liable to be in 
considerable error because of the factors mentioned above and reflected in the 
scatter of plotted points for the largest outward currents in Fig. 2C. If the 
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four points of Fig. 2A obtaimed with these currents were eliminated from con- 
sideration, the remaining points might be fitted with a straight line giving a 
slightly larger negative value of resting potential for zero e.p.s.p. In Fig. 3A, 
for the range of membrane potential in which observations were made, the 
results were probably more reliable than in Fig. 2A. Furthermore, the resist- 
ance was considerably larger, about 940 kQ, compared to 400 kQ for the cell 
of Fig. 2. In the latter case it is likely that the membrane resistance has been 
diminished on account of injury produced by penetration of the neurone with 
the microelectrode. A straight line has been fitted in Fig. 3A to the points at — 
depolarized levels of membrane potential and passing through the average slope 


_ of e.p.s.p. at the resting potential. This line extrapolated to zero e.p.s.p. gives 


an intercept of a few millivolts positive. However, the length of the extrapola- 
tion makes this determination no more reliable than that of Fig. 2A. It must 
also be borne in mind that a small systematic error in the correction for coup- 
ling resistance (see above) would cause the membrane potential for reversal 
of the e.p.s.p. actually to be somewhat more negative than that indicated. in 
Figs. 2A, B and 3A. 

In four other motoneurones attempts were made to ‘aveiiiente the effect of 
membrane potential on the e.p.s.p. The measurements obtained were less satis- 
factory than those plotted in Figs. 2 and 3, either because only a small number 
of recordings was made or because the observations did not extend over as wide 
a range of membrane potentials as those illustrated. The range was restricted 
in such experiments because, as described above, electrode blockage developed 
with large outward currents and produced erratic changes. Fortunately such 
electrode blockage was revealed by simultaneous determination of the relation 


__ of recorded membrane potential to current. 


Threshold e.p.s.p. for setting up a spike-potential. In the experiment of Figs. 1 
and 2, spike-potentials were set up by the e.p.s.p. only when the initial level 
of membrane potential lay within a limited region. When the initial potential 
was —62 mV or above (greater internal negativity), spikes were not generated, 
because the e.p.s.p. did not provide a sufficiently great depolarization to reach 
a critical level for their initiation. On the other hand, when the membrane 
potential was —38 mV or less, spikes were generated upon the initial applica- 
tion of the depolarizing current, but during the steady level of depolarization, 
the generating mechanism was in a state of partial inactivation (cathodal 
depression). In the range of —40 to —60 mV, spikes were set up by the e.p.s.p. 
resulting from the testing volley used throughout this experiment. For the 
records in which this occurred, e.g. at —42 and —60 mV in Fig. 1, the height 
attained by the potential change at the point of maximum curvature in the 
initiation of the spike has been measured and has been plotted as filled circles 


in Fig. 2B against the initial membrane potential. This parameter is the easiest 
to determine for the initiation of the spike. The point of maximum curvature 1s 
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not, however, a true indication of the critical potential for generating the spike ; 
for there would be a more or less upward (i.e. in the direction of depolarization) 
creep of potential preceding it, due to a gradual build up of the generating 
mechanism. This creep also affects the probable accuracy of the measurements, 
though in the region where it is most pronounced (—40 to —45 mV) the 
accuracy is sufficient for the plotting in Fig. 2B, because of the steepness of 
the relation. In another experiment a similar U-shaped curve was plotted for 
a larger series of observations in the required region of membrane potential. 


In the response at —60 mV in Fig. 1, the spike-potential is seen to rise 


abruptly from the e.p.s.p., and the point of maximum curvature does not lie far 
off the anticipated course of the e.p.s.p. This was the typical behaviour when the 
e.p.s.p. generated a spike from a fairly high level of membrane potential at 
which there would be little maintained inactivation of the generating mecha- 
nism. On the other hand, at —42 mV in Fig. 1 the potential change did not 
follow the anticipated time course of the e.p.s.p. beyond about 4 mV, though 
the point of maximum curvature did not occur until 9 mV depolarization. 
Evidently beyond 4 mV there was an addition to the e.p.s.p. of a gradually 
increasing spike-like process. Hence in Fig. 2B a few measurements of the 
point of maximum curvature at membrane potentials around —40 mV are seen 
to lie well above the expected position for the peak amplitude of the e.p.s.p. 

When the e.p.s.p. is just at the critical size for producing a spike, it is found 
that a spike is never initiated on the last part of the rising phase of the e.p.s.p. 
When there are many superimposed records, in some of which a spike is 
generated, deviation between the two classes of records is seen to occur about 
0-5 msec before the e.p,s.p. attains its summit (Fig. 4D). Thus the further slow 
increase in depolarization beyond that point does not add to the excitatory 
effect of the e.p.s.p. It. should be noted that abnormal behaviour may be exhi- 
bited by badly injured cells which often give partial spike responses arising very 
late on the e.p.s.p. | 

Interaction with the action potential 

Effect of the e.p.s.p. mechanism on the spike peak. According to the short- 
circuit hypothesis for the e.p.s.p., the peak amplitude attained by the moto- 
neurone spike should be modified when it occurs during the active phase of the 
e.p.s.p. As the peak of the spike normally passes beyond the equilibrium 
potential for the e.p.s.p., one would expect synaptic activity to effect a decrease 
of the peak amplitude, such as was clearly observed at the amphibian nerve- 
muscle junction (cf. Fatt & Katz, 1951; Castillo & Katz, 1954). The reverse 
effect was found by Brock, Coombs & Eccles (1952a), who reported that the 
synaptically evoked spike was usually about 1 mV greater in amplitude than 
one set up by an impulse propagated antidromically up the motor axon. This 
unexpected finding can be satisfactorily explained by the more asynchronous 
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occurrence of the spike mechanism when an impulse propagates from the 
motor axon over the soma and dendrites and encounters regions of lower safety 
factors than when active excitatory synapses are distributed more or less 
uniformly over the soma and dendrites. The reduction of spike amplitude when 
there is a slowing of the antidromic invasion of the motoneurone has been 
demonstrated in a previous paper (Coombs et al. 1955a), where the slowing was 
effected by a hyperpolarization of the membrane by extrinsic current. 

In order to make the comparison more valid, antidromically-evoked spikes 
have here been used throughout. When the effect of a superimposed e.p.s.p. 
was to be observed, the spike peak was made to coincide with a point about 
three-quarters of the way up the rising phase of the e.p.s.p. Furthermore, the 
accuracy of the measurement of spike height was considerably improved by 
the technique of superimposing many responses in each record. By such means, 


‘it was possible to detect in one motoneurone a reduction of the spike peak 


which amounted to about 1mV. It must be noted that this is near the 
experimental error of the method, since successive spikes show variations in 
amplitude of this order. In six other motoneurones similarly investigated, 
either there was no significant effect of superimposing the e.p.s.p. or there was 
an increase in the amplitude of the spike of as much as 2 mV. It was evident 


_in the records that such an increase could be correlated with an advance in the 


time at which the spike reached its peak. Examination of the complete time 
course of the spike showed that the advanced timing was due to a shortening 
of the delay between the NM and the SD components of the spike. Thus, even 
though synaptic activity does not set up the spike, it caused some shortening | 
of the time for the invasion of the motoneurone by the antidromic impulse. — 
In the single case where the spike was reduced in size, the delay between the 
NM and SD components of the spike was especially brief, and the addition of 
the e.p.s.p. could have had very little effect on it. In the other experiments 
the synaptic activity appreciably accelerated the invasion of the motoneurone, 
which would be expected to increase the spike height and offset the decrease 
that would otherwise result from a direct reaction between the e.p.s.p. mecha- 
nism and the spike. At any rate this direct reaction could not possibly by itself 
have decreased the spike by more than 2 to 3 mV or it would be much more in 
evidence, Thus the effect must be very small in comparison with the reduction 
of about 15 mV observed at the amphibian neuro-muscular junction. 
Recovery of the e.p.8.p. following a spike. It has been reported (Brock et al. 


_ 19525; Keeles, 1953) that excitatory synaptic action is not capable of producing 


a potential change in the wake of a spike if the latter is present beyond the 
time which would be occupied by the rising phase of the e.p.s.p. Hence it has 
been concluded that the active phase of synaptic transmission does not extend 
much beyond the rising phase of the normal e.p.s.p. The results to be reported 
here are in agreement with these earlier findings. They are presented mainly 
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because, with the further understanding of the processes involved in the 
generation of the spike- and after-potentials (Coombs et al. .1955a), it is pos- 
sible to give a more precise interpretation of the changes in e.p.s.p.’s produced 
in the wake of the spike. | 
In Fig. 5A tracings are shown for the potentials set up when an €.p.s.p. occurs 
at various intervals after a motoneurone has been invaded by a spike. The 
control action potential is drawn and the e.p.s.p.’s are shown as a series of 
deflexions arising from it in the wake of the spike. These results were obtained 
from a series of separate records, each consisting of many superimposed traces. 


Fig. 5. (A) Combined tracing of motoneurone action potential alone and action potential with 
©.p.8.p.’8 superimposed on it at various times from its start. (B) E.p.s.p.’s set up at various 
times during an action potential, obtained by subtracting the control action potential from 
the superimposed action potential and e.p.s.p.’s in A. (C) Isolated e.p.s.p. obtained in the 
absence of action potential. 


Fig. 5B. was constructed by subtracting the control action potential from the 
combined action potential and e.p.s.p. The relative timing of the responses is 
retained and arrows are used to indicate the expected time of appearance of an 
e.p.s.p. for each afferent volley. In Fig. 5C the control e.p.s.p. is shown. 

The first point to be noticed is that there is a deep depression of the e.p.s.p. 
for 4 msec after the start of the spike. No trace of an e.p.s.p. was observed to 
follow the first arrow in Fig. 5B. It would of course have been difficult to 
detect a small deflexion produced by the e.p.s.p. on the rapid falling phase of the 
spike, which extended up to 1 msec after the-expected time of appearance of 
the e.p.s.p. It is, however, significant that there was no additional potential 
some milliseconds later on the much less rapidly falling phase of the spike. At 
such intervals relatively large potential changes were added by later e.p.s.p.’s 


(following the second and third arrows), which were, respectively, one-third and 
one-half of the normal e.p.s.p. Thus it appears that the whole of the active _ 
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phase of the e.p.s.p. of the first afferent volley had been rendered ineffective 
by the spike process, i.e. the active phase could not have been longer than 
1-2 msec, which is the duration of the rising phase of the e.p.s.p. 

The ability of the motoneurone to develop an e.p.s.p. recovers in two stages. 
As can be seen in Fig. 5, the e.p.s.p.’s set up at different times increased 
rapidly in amplitude with increasing interval from the spike until it was about 
70% of normal when the active phase of transmission occurred approximately 
5 msec from the start of the spike. Beyond this, recovery was slower; in 
another 8 msec the e.p.s.p. had not quite recovered to 80%. Fig. 6 illustrates 


Peak amplitude of e.p.s.p. (%) 


Time after start of spike (msec) 


Fig. 6. Plotting of amplitude of e.p.s.p. following a spike. The plotted values are peak amplitudes 
_ obtained by the subtraction procedure of Fig. 5. Each point represents a measurement from a 
record, consisting of about twenty superimposed responses. The ordinate scale gives per- 
centage of the control e.p.s.p. which was 8-5 mV. Abscissae are the times from the start of the 
spike till half-way through the rising phases of the e.p.s.p.’s. The rising phase of the e.p.s.p. 
varied from 0-6 msec for the shortest plotted intervals up to 1-1 msec for the longer intervals 
and the control. A smooth curve is drawn through the plotted points. In addition, a tracing 
of the after-potential of a spike starting at zero time is shown with its base-line made to 
coincide with the ordinate of the control e.p.s.p. and its amplitude on the same potential scale 

as the plotted e.p.s.p.’s. 


for another motoneurone the recovery from the depression of the e.p.s.p. over a 
Much longer range of intervals after the spike. The ordinates of the plotted 
points give the peak amplitudes of the e.p.s.p. as obtained by the method of 
subtraction used in Fig. 5, while the abscissae give the time intervals from the 
start of the spike till half-way through the rising phase of the e.p.s.p. Recovery 
over the first 13 msec is seen to be very nearly the same as.appears in Fig. 5. 


There is a very rapid recovery for the first 5 msec, after which recovery is much 
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more gradual, eventually reaching completion at about 50 msec. The after- 

potential which follows a spike is also illustrated in Fig. 6 with its base-line 

drawn to coincide with the ordinate for the control e.p.s.p. With intervals 

beyond 15 msec after the spike the depression of the e.p.s.p. is seen to disappear 

along the same time course as the after-potential. As will appear in the 

Discussion the same process which produces this prolonged afver-potential i is 
capable of causing the depression of the e.p.s.p. 


Fig. 7. E.p.s.p.’s obtained in a biceps-semitendin motoneurone with afferent volleys of 
different size. Inset records at the left of main records show afferent volley recorded near 
entry of dorsal nerve roots into spinal cord. They are taken at a constant amplification for 
which no scale is given. Records of e.p.s.p. are taken at an amplification that decreases in 
steps from A to C as the response increases. Separate vertical scales are given for each 
record of e.p.s.p. 


Time course of the e.p.s.p. 

Fig. 7 A~-C shows e.p.s.p.’s elicited by afferent volleys of progressively larger 
size as indicated by the inset records to the left of the e.p.s.p. records. The 
amplification for the e.p.s.p. records was decreased from A to C as the response 
increased. When the response was small, the variation of successive traces 
_ was relatively greater (in relation to the response size) than when the response 
was large. This effect may be attributed to biological fluctuations, particularly 
in the pre-synaptic fibres. In general, the relative time course of the e.p.s.p. 
appears to remain practically unchanged as the size of the response is increased. 
The largest response of Fig. 7 may be unusual in that there is a slightly more 
rapid initial decay from the summit, though this is of doubtful significance. 
The effect may be due either to a non-linearity in the voltage-current relation- 
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ship of the membrane near the summit of the large e.p.s.p. or to an inhibitory 
synaptic action that occurs just past the peak of the e.p.s.p., owing to impulses 
in group Ib afferent fibres. The former possibility seems the more likely because 
the e.p.s.p. is extraordinarily large (14 mV) and because in this experiment 
particular care was taken to restrict the afferent volley to group Ia fibres. One 
interpretation of this non-linearity is that a small local response is superimposed 
on the summit of the e.p.s.p. (Hiccles, 1952). 

It has been reported that the e.p.s.p. is succeeded by a small hyperpolariza- 
tion (Brock et al. 1952a). In Fig. 8 the same response as in Fig. 7C is displayed 
at slower sweep speeds. The resting potential is seen to be passed at about 20 
msec from the beginning of the e.p.s.p. The maximum hyperpolarization was 
attained in another 15 msec, after which the hyperpolarization gradually 
diminished though it was still visible up to 100 msec from the beginning of the 
e.p.s.p. Even in the same case of such an extraordinarily large e.p.s.p., the 
following hyperpolarization was so small that its time course was only just 
discernible. With a smaller e.p.s.p., the hyperpolarization might be completely | 
lost in the background random fluctuations of potential. It is, however, pos- 
sible to build up a greater hyperpolarization by repetition of the afferent 
volley. For example in Fig. 9 after a single volley the hyperpolarization was 
hardly detectable, but after 2, 4 and 8 volleys it was progressively increased 


i 


10 msec 10 msec 


Fig. 8. E.p.s.p. of large amplitude (same one as in Fig. 6C) taken at slow sweep speeds. 
A base-line is drawn for the initial level of potential. 


until in the final case it had an amplitude of about 20% of the preceding 
e.p.s.p.’s. There is little further augmentation with more than 8 volleys at this 
rate of repetition. 

The principal reason for considering the hyperpolarization in this paper was 
to distinguish between the possibility of its being a true after-potential, 
developing as an immediate consequence of the preceding depolarization of the 
e.p.s.p., and that of its being a result of prolonged inhibitory synaptic activity. 
The latter possibility was suggested by the fact that the after-potential which 
was reported to follow an NM spike (Brock, Coombs & Eccles, 1953) has since 
been shown to be largely, if not entirely, due to inhibitory activity occurring 
via Renshaw cells which are activated by the collaterals of motor axons 
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(Eceles, Fatt & Koketsu, 1954; Coombs e¢ al. 1955a). In the present series of 
experiments it has been found that a hyperpolarization followed the e.p.s.p. 
even when the animal was sufficiently heavily anaesthetized to abolish reflex 
discharges from all motoneurones, Thus it is not possible to attribute the 
hyperpolarization to an i.p.s.p. produced by synaptic activity of Renshaw cells, 
which have been activated by reflexly discharged impulses traversing the motor 
axon collaterals (Eccles e¢ al. 1954). Furthermore, though a double volley 
might evoke a greater reflex than a single volley and hence greater Renshaw cell 
activity, further repetition of the afferent volley would not result in appreciably 
more reflex discharges (Eccles & Rall, 1951). Hence the increase of the hyper- 
—, with 4 and 8 volleys in Fig. 9.could not be due to Renshaw cell 


Fig. 9. Effect of repetition of the afferent volley on the prolonged hyperpolarization 
following the e.p.s.p. The afferent volley was repeated at intervals of 10 msec. 


activity which depends upon the reflex. The possibility of the hyperpolariza- 
tion being due to some other type of inhibitory activity is also virtually 
excluded since it could be obtained when direct observation showed that the 
afferent volley consisted exclusively of group Ia impulses (Bradley & Eccles, 
1953). 

The time course of the hyperpolarization is similar to the after-potential 
following a spike, though its early part must be influenced by the slower decay 
of the e.p.s.p. It differs in character from the after-potential of the spike in 
that repetition of the initial depolarization, the e.p.s.p. in this case, results in 
summation of the hyperpolarization, while repetition of the spike does not result 
in such a large build up of the subsequent hyperpolarization (Brock et al. 1953). 
The hyperpolarization following the e.p.s.p. may thus be viewed as due to the 


partial activation of a process which is activated much more intensively by the 
spike. 


Effect of the intracellular injection of ions on the e.p.s.p. 
The effect of injecting a number of different species of ions has been studied 
in relation to the action potential (spike-potential plus after-potential) to 
the e.p.s.p. and to the i.p.s.p. (inhibitory post-synaptic potential). Among 
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anions, chloride, bromide, nitrate, thiocyanate, glutamate, sulphate and phos- 
phate were tested for a possible effect on the e.p.s.p. Among cations, potassium, 
sodium, tetramethylammonium and choline were tested. They were each 
injected in a quantity of at least 10 p-equiv (p-equiv = 10-2 equiv) into two or 
more motoneurones. 

None of these species of ions was observed to produce a change in the e.p.s.p. — 
that might be ascribed to the specific involvement of such ions in the genera- 
tion of the e.p.s.p. The injection of those anion species characterized by a 
relatively small size of the hydrated ions produced remarkable alterations in 
the i.p.s.p. (ef. Coombs e¢ al. 19556), but virtually none in the e.p.s.p. Thus the 
injection of chloride ions was employed in a large number of motoneurones 


because of its ability to change the size and invert the polarity of the i.p.s.p. 


In each ¥ase the-e-p.s.p. remained unaltered (cf. Coombs, Eccles & Fatt, 1953, 
fig. 1) or Screased only slightly. The latter effect could be related to the tem- 
— ry reduction of resting potential that followed the injection. When the 
ion of e.p.s.p. to membrane potential was determined before and after the 
injection, the same curve was obtained irrespective of any shift of the resting 
level of potential. Likewise the injection of large doses of those anions that 
have a relatively large hydrated size, such as sulphate and phosphate, usually 
produced no significant changes in the e.p.s.p. (Coombs e¢ al. 1953, fig. 1; 19555, 
fig. 10). However, small significant changes in the e.p.s.p. were sometimes 
observed. A decrease of the resting potential could cause a small diminution 
of the e.p.s.p., but it does not seem sufficient to explain all the changes observed. 
Tn one case there was a slowing of the time course of the e.p.s.p. following the 
injection of sulphate ions. It would appear that the e.p.s.p. was being in- 
fluenced by other alterations of the membrane properties of the motoneurone, 
which possibly were caused by a swelling of the motoneurone. This swelling = 
would be expected to result from the osmotic effect of the increased salt content 
of the cell. 
The injection of cations holds more interest because of the possibility that 


_ the e.p.s.p. may depend upon the operation of a process such as that which 


generates the spike-potential and involves a specific permeability increase 
toward sodium ions. No alteration of the e.p.s.p. could be found, however, 
to follow the injection of sodium ions. Fig. 10 shows the effect on the spike- 


_ potential and the e.p.s.p. of injecting approximately 15 p-equiv of sodium. The 


rapid extrusion of sodium ions from a motoneurone after an injection made it 
desirable to straddle in time the recording of the e.p.s.p. with recordings of the 
spike-potential. Thus a reliable comparison could be made between the two. 
The result which emerges is that, although the injection of sodium ions pro- 
duced a considerable slowing in the time course and reduction in amplitude 
of the spike-potential (cf. Coombs et al. 1955a, fig. 9), the e.p.s.p. was not 
significantly altered. 
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The injection of potassium ions had no effect, but this is not of much signifi- 
cance, since it should not be possible by this means to change appreciably the 
intracellular ionic composition (Coombs et al. 1955a, 6). The injection of 
tetramethylammonium and choline ions had no special effect: on the e.p.s.p., 

although as the result of a reduction of resting potential and, possibly, other 

changes in the excitable properties of the cell, e.p.s.p.’s of small amplitude 
evoked spike action potentials which were often abortive and of unusually long 
duration. 


Fig. 10. (A) Action potentials and e.p.s.p.’s recorded in the order from above downward before 
applying current to inject ions into the motoneurone. (B) Same as A after injecting approx. 
15 p-equiv Na+ from the microelectrode into the motoneurone with a current of 2-5 x 10-*A 
lasting 60 sec. Top record (action potential) was taken within a few seconds of completing the 
injection; middle record (e.p.s.p.) about 30 sec after the injection; bottom record (action 
potential) about 60 sec after the injection. Separate time and voltage scales are given for 
records of e.p.s.p.’s (shown at middle of B) and action potentials (shown at bottom of B). 


DISCUSSION 
The foregoing results are compatible with the hypothesis that the e.p.s.p. of 
the motoneurone, like the e.p.p. of striated muscle, is generated by a short- 
circuiting of the potential initially on the membrane through the post-synaptic 
regions of the neuronal membrane, which become highly permeable to ions of 
all sizes. This hypothesis has received strong support from two kinds of 
experimental investigation. 

(1) It has been found that over the range of membrane depolarization the 
size of the e.p.s.p. varies approximately in direct proportionality with the 
membrane potential, and reverses to a hyperpolarizing response when the 
membrane potential is itself reversed so that the motoneurone is internally 
positive to the exterior. Thus, over a wide range of membrane potentials, the 
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e.p.s.p. is caused by a process which deflects the membrane potential towards 
zero with a constant effectiveness. For example, in Fig. 2B the slope of the 
straight line indicates that there was a 15% effectiveness for the process, i.e. 
that the summits of the e.p.s.p.’s are accountable as brief 15° depressions of 
the initial membrane potentials, This is the sort of effect that would be expected 
for a process which caused a brief increase in the permeability to all ions. 
Strictly, according to the short-circuit hypothesis the straight lines of Figs. 2A, 
B and 3A should indicate a reversal of the e.p.s.p. at a membrane potential — 
which equals the diffusion potential between the interior and exterior of the 
_motoneurone, and which at present can be approximately estimated as being 
ata small internal negativity (cf. Castillo & Katz, 1954). 
(2) The injection of different species of ions into motoneurones has failed to 
: produce any considerable change in the e.p.s.p. The small changes observed 
have usually been explicable by the depression that was produced in the mem- 
brane potential. These observations are in accord with the short-circuit hypo- 
thesis, for such ionic injection merely replaces a normally occurring internal 
) ion by an equivalent concentration of a different ion, and during the excitatory 
synaptic action all ions should be able to penetrate the membrane equally well. 
On the other hand, in apparent conflict with prediction from the short- 
circuit hypothesis, the e.p.s.p. usually had no depressant action on the neuronal 
spike potential, and at the most the depression was about 1 mV, in contrast to 
- the 15 mV depression produced by the amphibian e.p.p. on the muscle fibre 
spike. However, the postulated short-circuiting process for the e.p.s.p. was 
»  Telatively much less effective than that producing the e.p.p., for the latter 
represented a temporary removal of as much as 70% of the membrane poten- 
tial, whereas with the former 25° would be a maximum value. As a conse- 
quence it can be calculated that an e.p.s.p. would be expected to depress the 
neuronal spike-potential by at most about 2 mV., in contrast to the 15 mV 
depression observed for the e.p.p. As already mentioned (p. 384) complicating 
}) factors such as a decreased asynchronism of the neuronal spike complex would 
serve to mask such a small depression. This type of test is thus quite unreliable 
in providing evidence either for or against the short-circuit hypothesis for the 
@.p.8.p. 
Our results have been confirmatory of previous accounts (Eccles, 1952, 1953) 
‘2 in showing that the neuronal spike extinguishes any pre-existing €.p.s.p. and 
prevents any appreciable production of e.p.s.p., at least until late on the 
recovery phase of the spike-potential (Fig. 5). Furthermore it is shown that, 
when excitatory impulses are thus prevented by the spike from producing an 
_ @p.s.p., they have lost the ability to do so immediately after the spike, at a 
_ time when later impulses are fairly effective. It may be concluded that the 
\ active production of an e.p.s.p. by an impulse ceases within 1-1-5 msec after 
_ its arrival at an excitatory synapse. Continuation of the e.p.s.p. beyond this 
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brief initial phase is dependent on a passive leakage of charge from the mem- 
brane capacity. 

During the prolonged after-potential that follows a spike thé membrane 
potential is increased to a maximum amount of about 8%, while the membrane 
resistance is decreased by about 30% (Coombs et al. 1955a). The increase in 
membrane potential may be predicted to produce a proportional increase in the 
charge transferred during the e.p.s.p., but the reduced membrane resistance 
would oppose this effect, tending to restore the initial conditions even during 
the active phase of transmission, and thus cause the generation of a smaller 
€.p.8.p. with a reduced time constant for recovery. This appears to be dis- 
played as the prolonged phase of depression of the e.p.s.p., lasting up to about 
50 msec after a spike. In Fig. 6, the depression of the peak amplitude of the 
e.p.s.p. beyond 15 msec follows the same time course as the after-potential. 
The time constant of decay of the e.p.s.p. cannot be measured with sufficient 
accuracy to reveal any changes that might occur with e.p.s.p.’s set up during 
the later stages of the prolonged after-potential. 

The earlier phase of more intense depression, occurring for the first 5 msec 
in the wake of a spike, may also be attributed to a lowered membrane resist- 
ance, but an analysis of the effect is made complicated because the resistance 
is changing rapidly, relative to the time of rise of the e.p.s.p., and there are 
large changes of membrane potential upon which the e.p.s.p. occurs. Pre- 
sumably this early phase of low membrane resistance is attributable to the 
raised potassium conductance that occurs during and just. after the falling 
phase of the spike (Hodgkin & Huxley, 1952). There are experimental grounds 
for distinguishing this phase of raised potassium conductance from the later 
phase, giving the prolonged hyperpolarization of the after-potential in the 
motoneurone (Coombs e¢ al. 1955a). A contributory factor to the depression 
of the e.p.s.p., illustrated in Figs. 5 and 6, might be the removal of a small spike- 
like local response which has been postulated to occur in the membrane in the 
region of the synapses, and which would normally arise as the e.p.s.p. reaches 
its summit (Eccles, 1952). | 

It should be noted that in the above explanations of the depression of the 
e.p.s.p. after a spike there is no suggestion that the transmission process 
leading up to the transfer of charge across the post-junctional membrane is 
in any way interfered with. The alteration in the e.p.s.p. is due to altered 
electrical properties in the postsynaptic membrane, i.e. in the membrane that 
exhibits the e.p.s.p. 

When the membrane is hyperpolarized by an extrinsic current, the e.p.s.p. 
has been affected in a manner differing from the expected behaviour as deduced 
from the short-circuit hypothesis. Again, this apparent deviation can be 
explained if a diminished membrane resistance has been brought about by the 
hyperpolarization. Assuming that the short-circuit hypothesis applies, the 
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charge transferred across the membrane in the synaptic transmission process 
should increase proportionally with membrane potential. But the effect of this 
on the amplitude of the e.p.s.p. could be counteracted by a simultaneous 
diminution of membrane resistance, and there would thus be the observed 
failure of proportionality between the e.p.s.p. and the membrane potential 
(Figs. 2, 3). A diminution of membrane resistance is, moreover, strongly sug- 
gested by the shortened time constant of decay of e.p.s.p.’s set up during the 
hyperpolarization. In addition, the e.p.s.p. has an earlier and sharper summit, 
presumably because the more effective decay process encroaches on the later 
less intense part of the transmission process, and also possibly on account of 
a suppression of the spike-like local response that normally may be super- 
imposed on the summit of the e.p.s.p. 
That the occurrence of these effects is not ‘jevaliar to the mechanism of 
transmission of the e.p.s.p. is shown by the fact that membrane hyperpolariza- 
tion produces much the same alteration in the inhibitory post-synaptic 
potential (the i.p.s.p., Coombs e¢ al. 1953). It should be noticed that under 
_ the influence of such a hyperpolarization the i.p.s.p. is inverted from its 
normal form and appears as a transient depolarization (Coombs et al. 19550). 
Objection may, however, be raised to the explanation of the behaviour of the 
post-synaptic potentials during a hyperpolarization on the grounds that the 
_ postulated large reduction in membrane resistance is not revealed in the curves 
'  elating membrane potential to extrinsic current. The deviation from the 
_ proportional relationship of e.p.s.p. rate of rise to membrane potential at the 
higher levels of hyperpolarization in Figs. 2A and 3 A, as well as the shortened 
time constant of decay of the e.p.s.p. in Fig. 4, require that the dynamic 
_ resistance should be diminished by about 40%. In Figs. 2C and 3B the initial 
membrane potentials and current were recorded at the same time as the 
é.p.s.p.’s plotted in the other parts of the figures, and there does not appear to 
be any significant deviation from a linear relationship, though a deviation of 
+20°% should have been detectable. Although in most such experiments on 
motoneurones the plotting of membrane potential against current could be 
fitted within the experimental error of the constituent measurements with a 
single straight line as in Fig. 2C and B, it was in some cases noted that a better 
fit could be obtained with two straight lines meeting at zero current and with 
_ the slope of the line for hyperpolarization set at a lower value of resistance 
than that for depolarization (Coombs et al. 1955a). The possibility presents 
_ Itself that the membrane may show a different dynamic resistance for the 
_ Ylatively brief currents flowing during the e.p.s.p., the rectification that is 
- Sometimes seen during steady currents being considerably increased. While it 
_ is true that no particular difference in the behaviour of membrane resistance 
_ could be observed with brief pulses of current, as reported previously (Coombs 
@ al. 1955a), satisfactory measurements of potential could not be obtained 
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sooner than 3 msec from a change of applied current, and the situation with 


applied current did not duplicate the circumstances under which the e.p.s.p. 


has been observed to have a shortened time course of decay, i.e. during 
membrane hyperpolarization produced by extrinsic current. Further experi- 
mentation will be required to resolve this problem. 


SUMMARY 

1. The effect of membrane potential on the excitatory post-synaptic poten- 
tial (e.p.s.p.) of the spinal motoneurone of the anaesthetized cat has been 
investigated. The membrane potential of a motoneurone was varied by apply- 
ing current through one barrel of a double- barrelled intracellular microelectrode, 
while potentials were obseryed with the other barrel. On hyperpolarizing the 
motoneurone, i.e. increasing its membrane potential from the resting level, the 
amplitude of the e.p.s.p. was only slightly affected and might either increase or 
decrease. The main effect was a shortening of the time course of the e.p.s.p., 
which has been considered to result from a membrane resistance which decreases 
in a continuous manner as the membrane is hyperpolarized. On depolarizing the 
motoneurone, the e.p.s.p. decreased and varied approximately linearly with 
membrane potential. On reversing the membrane potential, i.e. making the 
interior of the motoneurone positive with respect to the exterior, the e.p.s.p. 
was obtained in reversed polarity, i.e. as a transient decrease in internal posi- 
tivity. The level of membrane potential at: which the e.p.s.p. reversed appeared 
to be near complete depolarization, though experimental difficulties prevented 
its precise determination. The results obtained on the e.p.s.p. when varying 
the membrane potential were interpreted as being in agreement with the short- 
circuit hypothesis. 

2. The interaction of the active phase of the e.p.s.p. with an antidromic ae 
usually resulted in an increase of 1-2 mV in the amplitude of the spike. This is 
explained by the e.p.s.p. reducing the asynchronism in the setting up of the 
motoneuronal spike, which factor would outweigh the relatively small depressant 
action of the short-circuit mechanism on the spike peak. The ability of the 
spike to abolish the later part of the e.p.s.p. shows that the active phase of 
transmission does not extend beyond the rising phase of the e.p.s.p. When the 
afferent volley is progressively delayed with respect to the antidromic impulse, 
the e.p.s.p. first appears as a small deflexion when its rising phase occurs late 
on the falling phase of the spike. With further delay of the afferent volley, the 
e.p.8.p. increases rapidly in amplitude until it is about 70% of normal when set 
up 5 msec from the start of the spike. The e.p.s.p. then increases only very 
gradually with greater intervals from the spike and is not back to its normal 
amplitude until beyond about 50 msec from the spike. The prolonged phase of 
depression of the e.p.s.p. is explained by the lowered membrane resistance 
prevailing during the after-potential that follows a spike. 
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3. The injection into motoneurones of a number of different species of 


_ ations and anions has been investigated. None of these ions had a specific 


effect on the e.p.s.p. In particular, sodium ions, while decreasing and slowing 
the spike, left the e.p.s.p. unchanged. This result is in agreement with the 
short-circuit hypothesis, which requires that during the generation of the 
e.p.s.p. the membranes undergo a non-selective increase in permeability 
toward ions of all species. 

4. Observations were reported also on the setting up of a spike by the de- 
polarizing action of the e.p.s.p. and on the time course of the e.p.s.p., including 
the prolonged hyperpolarization that follows the initial depolarization of the 
@.p.8.p. 
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In a preceding paper (Coombs, Eccles & Fatt, 1955) an account was given 
of the ionic events (increases in membrane permeability and the consequent 
ionic fluxes) that account for the potential changes which are produced in 
motoneurones by inhibitory impulses, i.e. the inhibitory post-synaptic poten- 
tial (i.p.s.p.). The present paper provides evidence on two further questions 
that arise in an inquiry into central inhibitory action: What is the time course 
of the postulated change in membrane permeability? How does this membrane 
change together with the consequent ionic fluxes cause the inhibitory suppres- 
sion of reflex discharges from motoneurones? The intensity-time course of this 
inhibitory suppression has been thoroughly studied with direct inhibitory 
action on monosynaptic reflex discharges (Lloyd, 1946; Laporte & Lloyd, 
1952; Bradley, Easton & Eccles, 1953). Actually the intensity of inhibition is 
indirectly measured by the depression of the size of a testing monosynaptic 
reflex discharge which is applied at various times during the direct inhibitory 
action of a single afferent volley. The time course of the intensity so measured 
may be called an inhibitory curve. It will be shown below that it is possible 
to explain in detail the inhibitory curve that is produced with direct inhibitory 
action on a population of motoneurones. 


METHODS 

The techniques used for intracellular recording and for investigations on the inhibitory and excita- 
tory post-synaptic potentials have been described in recent papers (Brock, Coombs & Eccles, 
1952a; Eccles, Fatt, Landgren & Winsbury, 1954; Coombs ef al. 1955a, b). The technique of 
superposition of many faint traces has been employed throughout in order to minimize distur- 
bances by background noise (cf. Figs. 1, 2,4 and 7). When determining the time course of the 
inhibitory post-synaptic potential, it has been important to reject all experiments in which it was 
appreciably modified by changes in the ionic composition of the motoneurone, e.g. by chloride 
dosage from the microelectrode (cf. Coombs et al. 1955b). 
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_ RESULTS 

A. The time course of the inhibitory post-synaptic potential 
The present investigations have confirmed earlier reports on the time course 
of the i.p.s.p. (Brock et al. 1952a, b). The i.p.s.p. produced in a motoneurone by 
the inhibitory action of a single group Ia afferent volley rises steeply to attain 
a summit at about 1-5 msec after its onset and declines therefrom along a time 
course which becomes exponential at about 2 msec after the onset (cf. Fig. 1). 
The half-time of this exponential decay has varied from 1-5 to 3-5 msec in our 
more reliable experiments, the time constant (1-44 times the half-time) being 
on the average about 3-5 msec. As shown in Fig. 1, with increase in the size of 
the group Ia afferent volley there was a corresponding increase in the size of 
’ the i.p.s.p. with but little alteration in its time course. Presumably, therefore, 
the observed time course obtains for the i.p.s.p. set up by each inhibitory 
synapse. 


Fig. 1. Lower records give intracellular responses of a biceps-semitendinosus motoneurone to a 

quadriceps volley of progressively increasing size, as is shown by the upper records which are 
recorded from the L6 dorsal root by a surface electrode (downward deflections signalling 
negativity). Note three gradations in the size of the i.p.s.p.; from A to B, from B to C and 
from D to E. Voltage scale gives 5 mV for intracellular records, downward deflexions indica- 
ting membrane hyperpolarization. 


When other nervous pathways are used for eliciting an i.p.s.p., it has a more 
prolonged time course, which is probably formed by the summation of a suc- 
cession of elementary inhibitory responses due to the repetitive arrival of 
impulses in the inhibitory presynaptic terminals on the motoneurone. Each 
such elementary response is presumed to have an active phase, i.e. a phase 
during which the transmitter is actively changing the properties of the mem- 
brane, that has the same time course as is revealed for the direct inhibitory 
response. For example, in the case of the i.p.s.p. generated by a volley in motor 
axons and operating via Renshaw cells, the response is prolonged over 50 msec, 
- but under suitable conditions it may be seen to be composed, at least in its 
early part, of a succession of waves, each having a rising phase of about the 


same duration as that of the i.p.s.p. of direct inhibition (Eccles, Fatt & 


 Koketsu, 1954). In other cases of prolonged inhibitory response, asynchronism 
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in the arrival of impulses in different inhibitory endings on the motoneurone 
may prevent the appearance of such repetitive components. Because it is 
generated by single virtually synchronous synaptic bombardments, the i.p.s.p. 
of direct inhibition provides the best conditions for investigating the relation- 
ship of the i.p.s.p. to the suppression of the discharge of motoneurones. 

It has been assumed that the i.p.s.p. generated by group Ia afferent impulses 
is the cause of direct inhibitory action. Hyperpolarization of the surface mem- 
brane would be expected to depress excitability, and the observed hyperpolari- 
zation (i.p.s.p.) had a time course bearing some resemblance to the inhibitory 
curve for direct inhibition. The only serious discrepancy would appear to con- 
cern the respective latent periods. In the next section an analysis of the 
latent period of direct inhibitory action will reveal that it is precisely in accord 
with the observed latency and rising phase of the direct i-p.s.p. 


Fig. 2. Lower records give intracellular responses evoked in a bi itendinosus motoneurone 


plceps 

by group Ia volleys in quadriceps and biceps-semitendi nerves at the indicated intervals 
apart, I and J being the respective soiateal: responses, Potential scale gives 5 mV for intra- 
cellular records, upward deflexions indicating membrane depolarization. Upper records are 
recorded from the L6 dorsal root as in Fig. 1. The horizontal arrows mark the approximate 
potentials at which the spikes are initiated. The low values for these threshold voltages are 
presumably attributable to depolarization of the motoneurone (cf. Coombs e¢ al. 19554), the 
resting potential having fallen to — 66 mV during this series from an initial value of - 72 mV. 


B, Latent period of direct inhibitory action 
In Fig. 2 the inhibitory volley in quadriceps Ia afferent fibres entered the 
spinal cord at various intervals before the testing excitatory volley in biceps- 
semitendinosus afferent fibres. When alone, this monosynaptic excitatory 
volley always evoked the discharge of an impulse by the motoneurone (Fig. 2). 
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Suppression of this discharge was invariably observed with volley intervals 
lying within the range 3-05 to 0-65 msec (Fig. 2D-F), while at the extreme 
values of this range there was sometimes a failure to inhibit (Fig. 2C, @). 
A volley interval of 0-65 msec thus provided the situation which gave a measure 
of the shortest latency for inhibitory action on this particular motoneurone. 

Fig. 3.4 allows an analysis to be made of the factors concerned in this inhibi- 
tion at minimum latency. The i.p.s.p. and e.p.s.p. were observed in Fig. 2 to 
begin 1-5 and 0-5 msec respectively after the quadriceps and biceps-semitendi- 
nosus afferent volleys entered the spinal cord. In the control observations the 
e.p.s.p. took 0-55 msec from its onset until it generated an impulse in the 
motoneurone. Thus at the testing interval of 0°65 msec (interval between first 
two arrows) the generation of the impulse (indicated by the third arrow) 
would be at 1-7 msec after the entry of the quadriceps volley into the spinal 
cord (first arrow), which would be 0-2 msec after the onset of the i.p.s.p. as 
signalled by the vertical broken line: i.e. the latest time at which the inhibitory 
volley may arrive at the spinal cord and still inhibit was observed in Fig. 2G 
when 0-2 msec was available for effective inhibitory action by the i.p.s.p. 
Evidently no inhibitory action could have been expected with the inhibitory 
volley 0-45 msec later, as was the case with the briefest test interval (0-2 msec) 
in Fig. 2H, for the impulse would have been discharged 0-25 msec before the 
onset of the i.p.s.p. However, it is possible that at this interval inhibition 
would perhaps have occurred in other motoneurones, or even in this moto- 
neurone when less strongly excited by the testing volley. For example, in the 
uninhibited response at the 3-05 msec interval (Fig. 2C), the impulse was 
_ generated as long as 0-9 msec after the onset of the e.p.s.p., which was 1-4 msec 
after the entry into the cord of the excitatory test volley. If occurring norm- 
ally, such a delayed initiation of an impulse would be 1-6 msec after entry of 
the inhibitory volley at a test interval of 0-2 msec. Thus the onset of the i.p.s.p. 
would be 0-1 msec before the anticipated initiation of the impulse by the e.p.s.p. 
and hence inhibition would be just possible. 

Similar calculations have been made with direct inhibitory action on other 
motoneurones (cf. Eccles, 1953, p. 158), and it has always been found that the 
-Lp.s.p. is set up early enough to cause inhibition. It may be concluded that, 
despite its relatively long latency, the i.p.s.p. satisfactorily explains the short 
latency of the direct inhibitory action. The temporal analysis of Fig. 3A differs 


in only one feature from that of Renshaw (1942). He employed an excitatory  __ 


latent period derived from the motoneurones with briefest latent periods. As 
shown above, the motoneurones responding with the longest latencies are 
_ those which remain susceptible to inhibitory action at the briefest test intervals. 
Hence Renshaw should have used the longest and not the briefest latency 
for the testing monosynaptic reflex discharge, which would have added 
about 0-5 msec to the value which he derived for the central latency of direct 
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Fig. 3. (A) Plot of time course of events during the 0-65 msec test interval of Fig. 2. The left lower 


and upper arrows show respectively the times of arrival of the inhibitory and excitatory volleys 
at the spinal cord. Plotted upwards is the e.p.s.p. beginning 0-5 msec after the excitatory 
volley and rising up to generate a spike at 0-55 msec after its onset as indicated by the arrow. 
Plotted downwards is the i.p.s.p. beginning 1-5 msec after the inhibitory volley, the vertical 
broken line at this time giving the earliest possible onset of inhibition. (B) At each test 
interval there is plotted upwards the potential which the excitatory volley added to the 
assumed background i.p.s.p. for the various records of Fig. 2. The i.p.s.p. is plotted downwards 
at the fixed position that obtains for all records. Test intervals are measured between the 
times of entry of the inhibitory and excitatory volleys into the spinal cord, as indicated by the 
downward arrow at zero time and the respective upward arrows. (C) On the assumption that 
the e.p.s.p. was fully recovered at 3-05 msec test interval (cf. Fig. 5A), the percentage sizes 
of the e.p.s.p.’s when they are superimposed earlier on the i.p.s.p. (measured from Fig. 3B) are 
shown by © points, the abscissae giving volley intervals. @ points give for the various volley 
intervals the actual heights of the e.p.s.p.’s which are measured in Fig. 2 relative to the resting 
potential, and are calculated as percentages of the same control e.p.s.p. as for the © points. 
Thus it is again assumed that complete recovery of the e.p.s.p. has occurred at 3-05 msec 
volley interval, so beyond that interval the depression would be attributable to superposition 
on the background i.p.s.p., its course being shown by the broken line. 
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inhibition. The reassessed value of 1-5-1-7 msec for his calculation of the 
latency of direct inhibition reveals that the onset of the i.p.s.p. is just early 
enough for it to be the causal agent. 


C. Relationship of inhibitory action to hyperpolarization 

In Fig. 2 arrows indicate the inflexion that was caused as the impulse arose 
from the e.p.s.p., 80 approximate estimates may be made of the amount of 
depolarization (relative to the resting level) at which an impulse was initiated. 
It will be seen that the critical depolarization was approximately 2-5 mV 
(range 2-0-2-7) both for the control and for the various test intervals at which 
impulses were initiated despite the inhibitory action. However, at the test 
interval of 2-2 msec the summit of the e.p.s.p. (3-3 mV) was considerably above 
this cricital level and yet no impulse was generated. This discrepancy may be 
attributed to the ineffectiveness of the later slowly rising part of the e.p.s.p., 
which may also be seen in the two records where no impulse was generated 
at 3-05 msec test interval, even though the depolarization rose to 3-7 mV. 
Almost invariably it has been found that the later part of the rising phase of 
the e.p.s.p. has been ineffective in generating impulses (Coombs, Eccles & Fatt, 
1955c, fig. 4D). 

Thus Fig. 2 indicates that an impulse is initiated when the depolarization 
attains a critical level (relative to the resting potential) within a critical time. 


_ The hyperpolarization of the i.p.s.p. would therefore be directly effective in 


suppressing the initiation of impulses by the e.p.s.p. However, it, is not 
neeessary to assume that the inhibitory action is entirely attributable to 
hyperpolarization. If there is a critical depolarization for generation of an 
impulse, effective inhibitory action would also occur if there were a direct 
interaction between the excitatory and inhibitory actions on the motoneurone. 


D. Interaction between inhibitory and excitatory post-synaptic potentials 
In the experimental series illustrated in Fig. 2 the potential which the excita- 
tory volley added to the background hyperpolarization may be determined by 
simple subtraction of the control i.p.s.p. from any combined response. This is 
justified as an initial procedure, though it will later emerge that the excitatory 
and inhibitory synapses do not act independently in changing the membrane ~ 
potential of the motoneurone. Usually there is significant interaction. The 
subtraction procedure must be regarded merely as a device for revealing the 
characteristics of this interaction. It would be more justifiable to adopt the 
reverse subtraction procedure, i.e. to assume constancy of the e.p.s.p., and 
determine the changes in the i.p.s.p. by subtracting the control e.p.s.p. from 
the combined responses. However, this method has not been adopted because 
the results so obtained are less readily relatable to the time course of the 
inhibitory suppression of reflex discharges. 
26 PHYSIO. CXXX 
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The subtracted curves plotted as in Fig. 3B reveal that there was an 
apparent depression of the e.p.s.p. when it was set up during the incrementing 
phase of the i.p.s.p. Since, in the control responses to the excitatory volley 


alone, the e.p.s.p. generated a spike, a comparison is only possible during the — 


brief rising phase of the e.p.s.p.’s. In the most depressed e.p.s.p. (0°85 msec 
test interval) the slope of the rising phase was depressed by about 20°. 
When the e.p.s.p. was set up later relative to the i.p.s.p., the rising phase was 
indistinguishable from that of the control. The most depressed e.p.s.p. (at 0-85 
test interval) had a summit height that was only about 65%, of the e.p.s.p. 
observed at a test interval of 3-05 msec. 

Assessment of the apparent depressant effect of inhibitory action on the 
€.p.8.p. is more conveniently done when the e.p.s.p. alone was not generating 
the discharge of an impulse (Figs. 4, 5). As shown in Fig. 5A and B (0 points) 
the e.p.s.p. was depressed considerably (about 15°) below the control level 
when its rising phase occurred during the early part of the i.p.s.p. At longer 
testing intervals the e.p.s.p. was virtually unchanged, the depression being 
observed for a range of volley intervals covering less than 3 msec, which is in 
good agreement with Fig. 3C. Fig. 3C is constructed on the assumption that 
the control size of the e.p.s.p. is given by the e.p.s.p. wtintesidiestinls 3B at 
3-05 msec test interval. 

The other plotted curves of Figs. 3C and 5B (@ points) are of great interest 
in relationship to the standard curves which are derived from direct inhibition 
of monosynaptic reflex discharges and which give the time course of direct 
inhibitory action (Lloyd, 1946; Laporte & Lloyd, 1952; Bradley et al. 1953). 
Against the various volley intervals there are plotted the actual membrane 
potentials at the summits of the e.p.s.p.’s as directly measured from Figs. 2 and 4. 
It will be seen that these curves through the @ points represent approxi- 
mately the sum of two depressant effects on the level of depolarization 
attained by the e.p.s.p.’s: depression of the actual sizes of the e.p.s.p.’s as 
determined by subtraction (curves through the © points); and depression 
due to their superposition upon the hyperpolarization of the i.p.s.p. Pre- 
sumably, by depressing the magnitude of the membrane depolarization pro- 
duced by the testing excitatory volley, both these effects would contribute to 
the observed time course of direct inhibition, as will be further considered in 
the Discussion. 

Altogether, the interaction between the direct i.p.s.p. and the monosynaptic 
e.p.s.p. has been investigated with seventeen motoneurones. In ten moto- 
neurones there was the apparent depressant action on the e.p.s.p. as in 
Figs. 3C and 5B, whose magnitude varies from about 8 to 359%. A comparable 
depression has been reported for inhibitory action on synaptic potentials re- 
corded either focally or from the ventral root (Brooks, Eccles & Malcolm, 1948). 
Thus, while the inhibition of motoneurones is effected through the inhibitory 
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4. Lower records give as in Fig. 2 intracellular responses evoked in a biceps-semitendinosu 
motoneurone by quadriceps and biceps-semitendi volleys which are recorded in the L6 
dorsal root (upper records). The volley intervals are marked on each record, being progres- 


_ sively shortened from A to G. H and I give control responses to quadriceps and to biceps- 


Fig. 


semitendinosus volleys alone. Voltage scale gives 5 mV for intracellular recording. 
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5. (A) Excitatory responses of Fig. 4 have been subtracted and plotted as in Fig. 3B, the 
i.p.8.p. being again shown below the base line at the fixed position. The downward-pointing 
arrows give the times of the respective excitatory volleys, while the left upward-pointing 
arrow gives the time of the inhibitory volley. (B) Plotting as in Fig. 3C for the heights of the 
e.p.s.p.’8 in the subtracted records of A (© points) and the actual e.p.s.p. heights directly 
measured in Fig. 4 relative to the initial base-line (@ points), both series being expressed 
a3 percentages of the control e.p.s.p. The curve through the @ points has been extended on 
the assumption that at the longer intervals unchanged e.p.s.p.’s are superimposed on the 
background i.p.s.p. (of. Fig. 3C). 
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volley preventing the e.p.s.p. from reaching the critical degree of depolariza- 
tion at which an impulse is generated, the action of the inhibitory volley is not 
simply to generate an i.p.s.p. which sums algebraically with the e.p.s.p. There 
is, in addition, a brief initial interaction giving an apparent depression in the 
size of the e.p.s.p. as determined by the subtraction procedure: An — 
of this action will be given in the Discussion. ; 


Fig. 6. (A) © points plot the diminution produced in the summit of the antidromic spike-potential 
of a motoneurone when it is set up at various times relative to an i.p.s.p, (shown by the 
broken line). Abscissae give the times of onset of the antidromic spikes relative to the arrival 
of the inhibiting quadriceps volley on the cord. (B) Plot ofi.p.s.p. from the record in Fig. 21 
(broken line) and the time course of the active phase of ionic permeability (continuous line), 
which is calculated on the assumption that the exponentially decaying phase of the i.p.s.p. is 
attributable to a passive process governed by the electric time constant of the neuronal 
membrane, which in this case was 3-4 msec (see text). 


The curves through the open circles in Figs. 3C and 5B give some indication 
of the time course of this brief phase of interaction. However, there would be a 
considerable distortion because the test response (the rising phase of the 
e.p.8.p.) was itself about 1-5 msec in duration. A briefer test response is pro- 
vided by the neuronal spike-potential which is set up by an antidromic impulse 
(cf. Brock et al. 1952a). As shown in Fig. 6A the summit of the antidromic 
spike-potential was apparently depressed by the i.p.s.p. in much the same man- 
ner as the e.p.s.p. The maximum depression occurred when the spike summit 
was late on the rising phase of the i.p.s.p., and significant depression was ob- 
served for a range of volley intervals extending over little more than 2 msec. 
Similar brief depressant actions on the neuronal _ were observed with the 
three other neurones so tested. 


K. Effects of alterations of the t.p.s.p. 

When the concentration of chloride or of other small anions, such as nitrate 
or bromide, in the motoneurone is sufficiently increased by injection from the 
microelectrode, the i.p.s.p. is converted from a hyperpolarizing to a de- 
polarizing response (Coombs et al. 19556). If the depolarization is sufficient, 
the i.p.s.p. will generate a spike discharge, the threshold level for this excita- 
tory action being identical with that for the e.p.s.p. (cf. Coombs et al. 19550. 
figs. 3, 9). Not only has the increased anion concentration displaced the equili- 
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brium potential for inhibition below the resting potential, but an increase in 
the ionic fluxes occurring across the active inhibitory areas would also be 
expected; hence conditions should be more favourable for interaction between 
the inhibitory and excitatory responses. For example, in Fig. 7D at 0-6 msec 
interval, when the peaks of the i.p.s.p. and e.p.s.p. would be virtually synchro- 
nous, the combined response was very little larger than the control e.p.s.p. 
Actually slightly larger combined responses were observed with both longer 


A 


1 msec 


Fig. 7. (A-H) Series of records as in Fig. ad reversal of 


i.p.8.p. due to dosage with chloride. The volley intervals are marked on each record. G and H 
give control resposes to quadriceps and to biceps-semitendinosus volleys alone. Voltage scale 
gives 5 mV for intracellular recording. (I) Plot as in Fig. 5B (© points) for the heights of the 
e.p.8.p.’s in subtracted records for series partly illustrated in Fig. 7A—H. (J-—L) Intracellular 
potentials produced by simultaneous i.p.s.p. and e.p.s.p. in a motoneurone heavily dosed with 
chloride. In J summation of the two depolarizing responses generates a spike, whereas either 
alone fails in K and L respectively. 


and shorter intervals (Fig. 7C, E). If the potential added by the e.p.s.p. is 
calculated by subtraction as in Fig. 5A, it is found that the apparent depres- 
sion of the e.p.s.p. runs practically the same time course as in Fig. 5B, but is 
almost twice as large (Fig. 71). The failure of the i:p.s.p. to add any appreciable 
depolarization on to the summit of the e.p.s.p. (Fig. 7D) indicates that the 
equilibrium potential for the i.p.s.p. is at a membrane potential very little more 
depolarized than the summit of the e.p.s.p. When, by increasing the intra- 
cellular chloride concentration, the equilibrium potential for the i.p.s.p. is 
displaced further in the depolarizing direction, significant summation with the 
@.p.8.p. occurs, and can cause the generation of a reflex discharge as in Fig. 7 J. 

Strychnine acts as a specific depressant of inhibitory action on reflexes, a 
sub-convulsant dose of 0-1 mg/kg depressing the inhibition of a test reflex to 


_ about one-third of its initial magnitude (Bradley, et al. 1953). This depressant 
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action is closely paralleled by the depression produced in the i.p.s.p. For 
example, in Fig, 8 the injection of 0-1 mg/kg reduced the i.p.s.p. by more than 
one-half (from A to D), while having no effect on the monosynaptic e.p.s.p. 
(from B to E). It is further seen in C that the hyperpolarizing effect of the 
i.p.s.p. is greatly increased when it is superimposed on the depolarization pro- 
duced by the e.p.s.p. (cf. Fig. 4G), while after the injection of strychnine this 
effect is correspondingly smaller (Fig. 8F). Finally when, for a series of records 


% 0 1 2 3 4, 5 


i 8. (A-F) sn records from a biceps di motoneurone evoked by a 
quadriceps afferent volley (A, D), by a biceps-semitendin afferent volley (B, E) and by 
both being later by 06 (C, F). The vertical arrow indi- 
cates the intravenous injection of 0-1 mg/kg of strychnine salicylate, A, B, C being before 
injection and D, E, F after. (G) Shows plot of apparent depression of e.p.s.p. by the inhibi- 
tory volley just as in Figs. 3C, 5B, the @ points being before and the O painte after 0-1 mg/ 
kg of strychnine salicylate. (H-M) Intracellular recording of biceps dinosus moto- 
neurone whose Cl” ion concentration was greatly increased by diffusion out of the micro- 
electrode. In all records the initial response (I) is an i.p.s.p. of depolarizing type evoked by a 
quadriceps Ia volley and the later response (E) a monosynaptic e.p.s.p. 0-1 mg/kg of strych- 
nine salicylate was intravenously injected after H and the records I~L were recorded at 
successive intervals of 10 sec thereafter. Record M was recorded after full development of the 
inhibitory depression produced by a second injection of 0-1 mg/kg of strychnine salicylate. 


as in Fig. 4, the potential added by the e.p.s.p. to the i.p.s.p. is caloulated by 
subtraction, as in Fig. 5A, the depression is greatly diminished by strychnine 
(Fig. 8G). It has already been reported that strychnine in a dose of 0-1 mg/kg 
also reduces the antidromically evoked i.p.s.p. to less than one-half (Eccles 
et al., 1954, fig. 4D-G). Strychnine similarly diminishes the i.p.s.p. when 
it has been converted to a depolarizing response by increase in the intra- 
cellular chloride concentration. For example, Fig. 8H—M shows the progressive 
diminution of the i.p.s.p., while the e.p.s.p. remains unaffected. Following the 
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_ depressant action on the e.p.s.p. is exerted by the i.p.s.p. elements for no more 
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intravenous injection of strychnine the depression of the i.p.s.p. commences 
at about 10sec and reaches a steady level in about 30 sec (cf. Fig. 8H-L). 
A similar time course of onset is observed for the depressant action of strych- 
nine on the inhibition of reflex discharge. 


DISCUSSION 
The active phase of the inhibitory transmitter action | 

Apart from its longer latent period, thei.p.s.p. of direct inhibition is virtually a 
mirror image of the excitatory post-synaptic potential, e.p.s.p. (cf. Fig. 4H, I) 
produced by a group Ia volley (cf. Brock et al. 1952a, b). Interaction be- 
tween an antidromic impulse and such an e.p.s.p. has indicated that its later 
exponentially decaying phase is attributable to the passive recharging of the 
motoneuronal surface membrane, whose electric time constant is thus shown to 
be about 4.msec (Brock et al. 19526; Coombs et al. 1955c). Similarly, it may be 
postulated that the time course of the direct i.p.s.p. set up by a single afferent 
volley is attributable to an initial active hyperpolarizing process and a passive 
decay which, as expected, follows an exponential time course with a time con- 
stant approximately identical with the electric time constant of the membrane 
(4 msec) as determined from the e.p.s.p. Fig. 6B gives an analysis of the.i.p.s.p. 
of Fig. 2I on the basis of this postulate. Both the postulate and the analysis 


are identical with those already used for other junctional potentials such as the 


e.p.p. of muscle (Eccles, Katz, & Kuffler, 1941; Fatt & Katz, 1951) and the 
excitatory synaptic potential of a motoneurone (Eccles, 1952). In Fig. 6B the 
time course of the active hyperpolarizing process is seen to rise steeply to a 
summit in about 0-5 msec from which there is a rapid decline so that its total — 
duration is less than 2 msec. A similar rapid time course would also be given 
by analysis of the i.p.s.p. of Fig. 4H. With the motoneurone, conditions appear _ 
to be particularly favourable for an analysis of this type. Histological examina- 
tion reveals that the synapses are dispersed widely over the membrane whose 
potential is being recorded; consequently there would be no distortion of the 
passively decaying process by a spatial redistribution of charge, which with the 
amphibian muscle causes a considerable departure from the expected exponen- 
tial decay (ef. Eccles et al. 1941; Fatt & Katz, 1951). It has previously been 
suggested (Fatt & Katz, 1953) that the wide dispersai of excitatory endings 
is likewise responsible for the closer approximation to an exponential decay 
which is exhibited by the crustacean e.p.p. 


Interaction of excitatory and inhibitory responses 
When allowance is made for distortion by the temporal duration of the test 
response, i.e, the e.p.s.p. (Figs. 3C, 5B) or the spike-potential (Fig. 6 A), it may 
be estimated that with direct inhibition by a single afferent volley the apparent 
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than 2 msec. For example, in Fig. 5B the e.p.s.p. as determined by subtrac- 


tion was no longer depressed when it was set up by an excitatory volley en- 
tering the spinal cord 2:7 msec after the inhibitory volley. It will be seen 
in Fig. 5 A that at this interval the e.p.s.p. did not begin until the point marked 
by the arrow on the i.p.s.p. curve, which was less than 2 msec from the onset 
of the i.p.s.p. The absence of any interaction with the e.p.s.p. may be corre- 
lated with the circumstance that at its onset the exponential decay of the 
i.p.s.p. had already begun. At the other end of the series there is some depres- 
sion of the e.p.s.p., even when it is set up by an excitatory volley that precedes 
the inhibitory by about 0-1 msec. In Fig. 5A it is seen that only the terminal 
part of the rising phase of the e.p.s.p. was then affected by the depression, the 
broken line showing the anticipated time course of the e.p.s.p. as given in con- 
trol responses. It is further seen in Fig. 5A that the prolonged rising phase of 
the e.p.s.p. (1:2 msec) provided the opportunity for the inhibitory volley to 
exert this depressant action. As would be expected, the i.p.s.p. and the inter- 
action with the e.p.s.p. begin simultaneously. Thus in Fig. 5A the actual dura- 
tion of the depressant action lies between the two arrows pointing upwards to- 
wards the i.p.s.p. curve, one at its origin and the other 1-9 msec later. This is in 
good agreement with the estimated duration of the active phase of inhibitory 
transmission, as determined more simply and accurately by the method of 
analysis used for Fig. 6B. It may be concluded that both actions of the 
inhibitory volley, the generation of the i.p.s.p. and the interaction with the 
e.p.s.p., are satisfactorily explained by a single process which may be identified 
as the increased ionic permeability which the inhibitory transmitter produces 
in the motoneurone membrane. Further evidence identifying the inhibitory 
action as due to the i.p.s.p. has been given in ‘Results’, § E, particularly the 
close parallelism observed in the respective depressant actions produced by 
strychnine. | 

As shown by Coombs et al. (19556), the inhibitory transmitter momentarily 
renders the post-synaptic membrane highly permeable to K* and CI ions. As 
a consequence there will be an intense ionic flux across the post-synaptic 
membrane tending to increase the potential of the whole neuronal membrane 
from its resting value of about —70 mV to an equilibrium potential of about 
— 80 mV, which represents a compromise value between the equilibrium poten- 
tials of the K* and Cl” ions, which are about —90 and —70 mV respectively. 
The contrary effect is produced by the ionic flux giving the e.p.s.p., which tends 
to displace the neuronal membrane to an equilibrium potential near to com- 
plete depolarization (Coombs et al. 1955c). Since the equilibrium potential for 
the i.p.s.p. is only about 10 mV more than the resting potential, even relatively 
small e.p.s.p.’s, e.g. those above 3 mV, will significantly increase this potential 


difference, and hence increase the net ionic flux through any inhibitory patches 
that are activated. 
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The electrical interactions may be represented in a formal electrical circuit 


diagram (Fig. 9) in which the ip.s.p. and e.p.s.p. generating elements are 


shown in parallel with each other and with the resting areas of the moto- 
neuronal membrane. The situation is simplified by neglecting the rectifying 
characteristics which are present in a conductance. involving ions distributed 
unequally across a membrane. 

A similar electrical interaction of excitatory and inhibitory effects has been 


demonstrated in the crustacean nerve-muscle preparation (Fatt & Katz, 1953). 


With the motoneurone, however, there is no evidence that requires the addi- 


tional postulate of a chemical interaction between junctional transmitters—a 


mechanism which provides a very effective inhibition in the crustacean pre- 


paration. 


I.p.s.p. E.p.s.p. 


80 mV 70mV 

J 

Fig. 9. Electric circuit diagram, illustrating impedance elements and voltage sources in the moto- 
neuronal membrane, The right half of the diagram represents the condition of the general 


(i.e. non-synaptic) membrane with a resting potential of - 70 mV. The variable resistances 
represent the alterations produced during the i.p.s.p, and e.p.s.p. as indicated. — 


Suppression of reflex discharge and the direct inhibitory curve 
The direct inhibitory curve has been derived by plotting the size of a testing 
monosynaptic reflex response at various intervals after a conditioning inhibi- 
tory volley (Lloyd, 1946; Laporte & Lloyd, 1952; Bradley et al. 1953). When 
the testing reflex response occurs in a considerable fraction of the motoneu- 
rones, it has been assumed (cf. Bradley et al. 1953) that the number of inhibited 


_ Motoneurones is approximately in direct proportion to the intensity of the 


inhibition, i.e. that the inhibitory curve gives the time course of inhibitory 
action on any one motoneurone. It has been shown above that by means of 


tion produced by xcitatory volley (@ points of Figs. 3C, 5B). A brief 
action due to the increased ionic currents through the i.p.s.p. elements is 
superimposed on a more prolonged action due to the hyperpolarization of the 
motoneuronal membrane (the i.p.s.p.). It is of interest, therefore, that inhibi- 
tory curves have been observed to have a configuration indicative of a double 


_ two separate cove inhibitory volley depresses the amount of depolariza- 
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composition. For example, the two curves reproduced in Fig. 10 have an initial 
rapid decline merging at about 2-3 msec into a later, approximately exponen- 
tial decay. The broken line continues this exponential decay further to the left 
along the time course of an assumed i.p.s.p. Thus the hatched area would give 
that component of the inhibitory curve attributable to the hyperpolarization 
of the i.p.s.p. The remaining component has a duration little longer than 2 msec 
having much the same time course as the direct interaction between i.p.s.p. and 
e.p.s.p. (cf. Figs. 3C, 5B). Thus the observed time course of the direct inhibitory 
curve may be satisfactorily explained without recourse to consideration of the 
spatial relationships of excitatory and inhibitory synaptic endings on the 
motoneurone (cf. Eccles, 1953; Bradley et al. 1953). 


A B | 
1 2 3 4 § 6 7 9 msec % 
80714 Ye 
60- 60 
40- 40- 
~ 3 20- 


7 0 2 4 6 8 msec 

Fig. 10. Reproductions of direct inhibitory curves with plotted points as already illustrated 
(Fig. 2A, C, Bradley et al. 1953). Ordinates show, for the various test intervals, the mean 
reflex spikes expressed as percentages of the control value. The broken lines delimit the de- 
pression which can be attributed to the hyperpolarization of the i.p.s.p., and which is dis- 
tinguished by hatching. There is a large additional inhibitory action at shorter test intervals, 
which is attributed to the direct action which the ionic flux through the inhibitory patches 
exerts on the e.p.s.p. mechanism. 


As originally described (Lloyd, 1946), the direct inhibitory curve simply 
decayed exponentially from its maximum with a time constant of about 
4 msec. More recently, Laporte & Lloyd (1952) have reported that this simple 
exponential decay for the ‘direct’ inhibitory curve was only occasionally ob- 
served. Usually there was a rapid decay from the maximum, much as shown in 
Fig. 10. They attributed this deviation to the superposition of a disynaptic 
excitatory action by group Ib impulses. However, curves such as those of 
Fig. 10 have been obtained with an afferent volley which could be shown, by 
its time course, where it entered the spinal cord, to be restricted to group Ia 
fibres (cf. Bradley et al. 1953), Further investigation is necessary in order to 
determine the actual contribution made by the disynaptic excitatory action of 
group 1b impulses. 

It will be observed in Fig. 5B that an inhibitory volley appears to exert a 
considerable depressant action of the e.p.s.p. when it is synchronous with the 
excitatory volley, or even a little later. A direct inhibitory action might 


4 ther: 
inhil 
obse 
sir 
a ineii 
3 T 
inhi 
q in 
actit 
q pres 
4 mir 
q ° of t 
4 the 
trib 
4 the 
dec 
tion 
the 
| con 
of t 
} to e 
q (ef. 
1 par 
Ith 
the 
q on 
mo 
4 th 
inc 
(Cc 
aki 
bit 
the 
ion 
wh 


CENTRAL INHIBITORY ACTION _ 411 


therefore be expected at such intervals, whereas none is observed until the 
inhibitory volley precedes the excitatory (Laporte & Lloyd, 1952; Bradley et 
al. 1953). An explanation of this apparent discrepancy is provided by the 
observation that at such intervals there is depression only of the last part of the 
rising phase of the e.p.s.p. (cf. Fig. 5B), and this part of the e.p.s.p. is normally 
ineffective in generating an impulse (Coombs e¢ al. 1955c). 

The simple exponential decay that is sometimes observed for the direct 
inhibitory curve (Lloyd, 1946; Laporte & Lloyd, 1952) is an unexpected finding 
in view of the double composition that has been demonstrated for inhibitory 
action. In part an explanation may be provided by the relatively small de- 
pressant action on the e.p.s.p. that is sometimes observed (cf. ‘Results’, § D). 
The time course of the hyperpolarization then plays a dominant role in deter- 
mining the inhibitory curve. A further explanation is based on the inadequacy 
of the assumption that, within the population of motoneurones discharged by 
the control excitatory volley, the degree of excitatory action is uniformly dis- 


_ tributed over the whole range in which inhibition can be effected. Under 
- conditions in which nearly all the motoneurones can be inhibited (cf. Fig. 10 B), 


the expected deviation from this uniform distribution would cause a delayed 
decline of the early stages of the inhibitory curve and hence a closer approxima- 
tion to a simple exponential decay. In addition, brief repetitive discharges of 
the intermediate neurones in the group Ia inhibitory pathway would provide a 


- continuing inhibitory action which would serve to retard the initial rapid decay 
_ of the inhibitory curve from its maximum. A single group Ia volley was found 


to evoke double or even triple discharges from some Ia intermediate neurones 
(cf. Eccles, Fatt & Langdren, 1954, fig. 2). Such repetitive discharges are 
likely to be more common and more prolonged in Lloyd’s unanaesthetized pre- 
parations. 

CONCLUSIONS 

It has been experimentally demonstrated (Eccles, Fatt, Landgren & Winsbury, 
1954; Eccles, Fatt & Landgren, 1955) that in the direct inhibitory pathway 
the primary afferent fibres (the group Ia fibres from muscle) synaptically relay 
on to intermediate neurones which in turn provide the inhibitory synapses for 
motoneurones. It is postulated that impulses in these interneurones liberate 
a specific inhibitory transmitter substance from their synapses, which acts on 


the inhibitory patches of the motoneuronal post-synaptic membrane greatly 


increasing their permeability to small ions, particularly K* and CI” ions 


: (Coombs et al. 19550). As a consequence of this brief increase of ionic perme- 
_ ability (about 2 msec duration), there is an outward current through these inhi- 


bitory areas which hyperpolarizes the whole neuronal membrane, so producing 
the inhibitory post-synaptic potential. It is shown above that this increased 


_ ionic permeability has a double depressant action on the effectiveness with 
_ which excitatory synaptic action evokes the discharge of an impulse. It is 
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further shown that the latent period and the time course of direct inhibitory 
action (the inhibitory curve) are satisfactorily accounted for. Finally it must 
be assumed that the transmitter substance liberated from an inhibitory 
synapse is removed within 2.msec from the region of its action on the post- 
synaptic membrane. 

With other types of inhibitory action the chain of experimental evidence is 
less complete. In every case the post-synaptic inhibitory membranes are 
shown to have the same permeabilities to ions (Coombs et al. 19556). However, 
with these other types of inhibition there has been no investigation of the way 
in which depression of excitatory synaptic action is accomplished. The more 
irregular and prolonged time courses of these inhibitions made it difficult to 
carry out experiments of the type described in this paper. However, since the 
ionic mechanisms have been shown to be similar, it seems likely that any 
individual inhibitory synapse is effective in suppressing the reflex discharges 
from motoneurones by the same complex mechanism that has here been 
proposed for direct inhibition. Thus it may be postulated that all inhibitory 
synapses are similarly effective on motoneurones, the differences between the 
various types of inhibitory action arising on account of differences in their 
pathways. 


SUMMARY 


1. This investigation is concerned with the manner in which the excitatory 
responses of a motoneurone are depressed by the events which are produced by 
inhibitory impulses. It is restricted to direct inhibitory action by a single 
afferent volley in group Ia fibres in the anaesthetized cat. 

2. It is shown that the time course of the inhibitory post-synaptic potential 
can be accounted for on the basis of a brief (about 2 msec) generating process, 
which is attributed to an increased ionic permeability (to K* and Cl” ions) 
of the inhibitory areas of the motoneuronal membrane. The consequent hyper- 
polarization of the motoneuronal membrane passively decays along an expon- 
ential curve with the time constant of about 4 msec, which is characteristic of 
the membrane. There is evidence that the ionic permeability of the inhibitory 
areas may be several times larger than for the whole of the remaining moto- 
neurone membrane. 

3. By means of intracellular recording there has been a detailed study of the 
changes which the inhibitory process produces in the excitatory post-synaptic 
potential of a motoneurone. During the brief phase of high ionic permeability 
there is a direct antagonism, which is attributable to an increased hyperpolari- 
zing current through the inhibitory areas. Thereafter there is a simple algebraic 
summation of the respective hyperpolarizations and depolarizations. 

4. The very brief latency of the direct inhibitory suppression of motoneur- 
onal discharges is accounted for by an analysis of the direct inhibitory and the 
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monosynaptic excitatory responses of a motoneurone. A qualitatively satis- 
factory explanation is given for the observed time course of the direct inhibi- 
tory curve with its two-phase decay. The initial peak of inhibitory action is due 
to the direct interaction between the conductance changes in the inhibitory 
and excitatory post-synaptic areas, which can occur only if the excitatory 
action operates during the initial two or three milliseconds of the inhibition. 
Thereafter the inhibitory action is attributable to the residual hyperpolariza- 
tion of the inhibitory post-synaptic potential and exhibits the characteristic 
slow decay. Explanations are offered for the simple exponential decay some- 
times observed for the direct inhibitory curve. 

5. The relationship of these observations and explanations to other types 
of inhibitory action on motoneurones is discussed briefly. 
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THE DETERMINATION OF PRESSURE-VOLUME CHANGES IN 
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VASCULAR TONUS AND THE RESISTANCE 
- OFFERED TO BLOOD FLOW 
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Poiseuille’s formula (1828, 1846) describes the streamline flow of a fluid through 
rigid tubes of uniform bore, in relation to the viscosity of the liquid and to 
the pressure difference which causes flow. 

Any change in the pressure difference is accompanied by a proportional 
change in the rate of flow, providing the radius, length and viscosity, which 
together constitute the resistance to flow (R), remain constant. If, however, 
a change of pressure were to result in a change in either radius or viscosity (or 
both), then R is not constant, and the graph of flow rate against pressure 
cannot be linear. The peripheral blood vessels are not rigid tubes, nor are they 
of uniform bore; and non-linear graphs of flow rate in respect of perfusion 
pressure have been reported for blood flow through the hindlimb of the dog by 
Whittaker & Winton (1933), by Pappenheimer & Maes (1942), and by Green, 
Lewis, Nickerson & Heller (1944). The non-linearity observed by the American 
workers appears, in the published work, over the lower range of pressures. 
Both Pappenheimer & Maes and Green et al. agree that a relationship between 
flow rate and pressure may be described by an expression of the form F =(P/C)", 
where F is the flow rate, P the perfusion pressure, and C and » are constants 
determined by the experimental conditions. The fundamental question arises, 
whether the non-linearity is to be explained by change in blood viscosity, by 
alteration of vessel size, or both. 

Pappenheimer & Maes (1942) appear to have considered that their 
findings were to be explained by changes in blood viscosity alone. The minute 
peripheral vessels were thought to act as virtually rigid tubes, whose bore 
might be altered by active measures taken to increase or to decrease vasomotor 
tone, whereas the apparent viscosity of blood became less as flow rate increased. 
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The change in apparent viscosity is due to the rearrangement of the blood cells 
as stream velocity increases, so that at high flow rates the cells become 
relatively concentrated in the central core of the stream, surrounded by a less 
dense ‘sleeve’ through which the core slips. These conditions hold only for 
streamline flow. 

Green et al. (1944) found flow rate and pressure to be related in the form 
shown above, but they suggested that a maximum allowance for viscosity 
change would go only a little way towards explaining their results, and that 
the expression relating flow rate and pressure would result equally well if 
viscosity remained unchanged and the radius of the minute vessels at the ‘sites 
of major resistance’ had altered as a function of pressure. Green et al. thus 
seem to have considered that a change in vascular dimensions was necessary 
to explain their results. However, the results of Whittaker & Winton (1933) 
do not support the view that the limits of apparent viscosity changes must, in 
these circumstances, be inadequate to explain flow rates at low pressures. 
Indeed, the apparent viscosity of blood flowing in rigid conte tends to infinity 
at very low flow rates (Bayliss, 1952). 

In 1951, Nichol, Girling, Jerrard, Claxton & Burton decethad experiments 
in which blood flow rate was determined by a ‘manometric’ method. In this 
procedure a mercury manometer is arranged in parallel with the vessel to be 
perfused ; occlusion of this vessel proximal to the point of entry of the mano- 
meter causes a continuous loss of pressure, and the displacement of fluid so 
produced is made to force blood from a small flaccid chamber into the vascular 
channel under observation. The rate of decline of the manometer is a measure 
of the flow rate at any instant. Nichol e al. find that blood flow ceases at a 
perfusion pressure which is above zero. They give it as their view that flow 
ceases because the walls of the minute vascular channels become unstable when 
intra-arterial pressure falls to a critical value, and that this instability is 
followed by closure. The value of this critical pressure is determined by the 
tone of the minute vessels. It has been said (Burton, 1952), that the blood flow 
rates obtained by this procedure are adequately described by changes in 
vascular diameter alone, and that anomalies of viscosity play no part except, 
perhaps, at very low flow rates. 

The more recent views therefore suggest that observed flow rates may be 
explained by reference only to changes in vascular diameters, which must be 
accompanied by a change in the cross-sectional area of these vessels, and 
_ hence by a change in vascular volume. 

A method has been described (Richards, 1953), by which volume changes in 
the femoral vascular tree of the cat may be measured with respect to intra- 
arterial pressure. It seemed desirable, therefore, to determine vascular volume 
change in relation to blood flow rates, for it was possible that the determinations 
of volume change might give information concerning the role of the minute 
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vessels and the importance that change in their dimensions might have in 
respect to blood flow rate. This has been the purpose of the experiments 
described below. 

METHODS 


The details of the method have been described before (Richards, 1953). Cats were anaesthetized 
with intravenous chloralose (80 mg/kg) after ether induction. Heparin (200 units/kg) was injected 
intravenously, with a further 100 units/kg at the end of 1 hr. Rectal temperatures were maintained 
at 38° C with a maximum variation of +0-5° C. 3 

A low midline abdominal incision was made, and the bifurcation of the aorta, the common iliac 
vessels, and the hypogastric and caudal vessels exposed. All these vessels were ligated about 1 cm 
from the bifurcation of the aorta, with the exception of the common iliac vessel on the side to be 
perfused. On this side, all branches of the common iliac and external iliac arteries were ligated, 
and all branches of the femoral artery during its course through the femoral triangle. Occlusion 
of the collateral circulation on this side was effected by the use of tight wire snares ligating 
muscle groups. The sciatic nerve was not included in the ligation, and was not subsequently cut. 

The ligated common iliac vessel was cannulated by a short length of glass tubing, and the other 
end of this tube passed through a rubber stopper. A thin-walled flaccid rubber container was 
attached firmly round the stopper which was then forced firmly into one end of a glass tube 2 cm 
in diameter and 10 cm long. The other end of the tube was attached to the mercury manometer 
system. The rubber chamber was thus enclosed in a small jacket which could be filled with water 
from the manometers. 

The animal’s blood was received into the flaccid chamber and all air bubbles were removed. 

The hypogastric arteries were cannulated and small-bore polythene tubing was introduced. To 
one of these a capacitance manometer was attached; the other was used when required for the 
injection of drugs from a motor-driven micrometer syringe. 

The capacitance changes in the manometer were converted into voltage change’ using the circuit 
described by Dickinson (1950), and a subsequent simple power stage made it possible to use a 
robust milliammeter (Sangamo Weston, Type 147) and a light lever to give kymograph records. 
The frequency response of this recording unit was linear up to 20 c/s. 

Two mercury manometers were employed in parallel with each other with respect to the water 
jacket, and by means of a 3-way tap one or both could be excluded from contact with the per- 
fusing chamber. One of these mercury manometers was made to record on the kymograph. The 
dimensions of this manometer system were such that, when both manometers were connected a 
change of pressure of 1 mm Hg in the recording manometer was equivalent to 0-0263 ml. change 
in volume, and when the recording manometer alone was used, 1 mm Hg change in pressure was 
equivalent to 0-0146 ml. change in volume. 


PROCEDURE 


The measurement of vascular volume change. The principle remained that 
which has been described hitherto (Richards, 1953), and may be summarized 
as follows: 

The mercury manometers record intra-arterial mean pressure simultaneously 
with the phasic pressure change which is recorded by the capacitance mano- 
meter. The sensitivity of the capacitance manometer was arranged so that it 
was greatest over the lower range of pressure. Using small magnification, 
pressure measurements were made within + 0-3 mm Hg. 

A clip is suddenly placed upon the aorta immediately above the bifurcation. 
Phasic pressure changes cease immediately, and intra-arterial pressure declines 
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in a ‘logarithmic’ manner as blood leaves the collapsing arterial tree by efflux 
through the peripheral vessels. The decremental curve of pressure is recorded 
by the mercury and the capacitance manometers, and the record is continued 
until no further decrease is observed for 30-60 sec. The aortic clip is then 
removed, and natural circulation to the limb restored. The procedure may be 
repeated, with an interval of 5 min between separate records. 

Kach determination of intra-arterial pressure decline may be recorded with 
any one of the three following arrangements of the manometers: (a) the 
capacitance manometer alone, with neither of the mercury manometers, 


(b) the capacitance manometer with one mercury manometer, or (c) the _ 


capacitance manometer with both mercury manometers. The three kinds of 
records differ in their time relations. 
_ In the present. experiments a series of about twelve records of pressure 
decrement were made in any set of experimental conditions. This gave some 
four groups of each of the manometer combinations, but the order in which 
each was taken in its group was varied. 
Any one of these records gave the fall of intra-arterial pressure with respect 
to time, and, when either or both of the mercury manometers were in use, the 
volume of blood perfused into the vascular system during this time also. 
Fig. 1 represents in one diagram the three possibilities which the manometer 
arrangements give. 

If a given range of intra-arterial pressure decrement, P — P,, is selected, then 
the time taken for this fall of pressure is 7 when both mercury manometers 
are included, ¢ when only one is in the system, and ¢’ when both are excluded. 

In the time 7', a volume of blood (V,) enters the vessels from the perfusion 
system. This volume is the recorded fall in pressure of the recording mercury 
manometer multiplied by the factor obtained from previous calibration. In 
the time ¢, a smaller volume (V,) enters the vessels when intra-arterial pressure 
falls over the range P—P,. When both mercury manometers are excluded, 
the change of arterial pressure from P—P, is much more rapid, and takes 
_ place in the time ¢’. In this time the only efflux from the arterial tree comes 
from the volume it contains at the instant of separation from the aorta. The 
volume so lost by the vessels alone as internal pressure falls from P—P,, may 
be called (V,). 

If the pressure range P— P,, , is small, then 


Total volume loss with one mercury manometer 


Total volume loss with two mercury manometers 
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Similarly, over the same range of pressure decrement, the following relations 
will hold: 


Atle! 
Therefore (0) 
And also 
which gives | | (c) 


Consequently, each group of three records of pressure decrement gives three 
estimations of V,. In general, the values given by the expressions (a), (b) and 
(c) above agree well. Differences of more than 6% between the value of V, 


110 


100 


Arterial pressure (mm Hg) 


0 10 2 30 4 SO 6 70 8 99 100 110 120 
Time (sec) 


Fig. 1. Diagram of decremental curves obtained by the method described in the text. Curve (a): 
decremental pressure recorded by the capacitance manometer when two mercury manometers 
are connected to the system. Curve (b): the same when only one mercury manometer is 
connected. Curve (c): the same when only the capacitance manometer is in use. Curve (1) 
and (2): decremental pressures recorded by the mercury manometers when both, or only one, 


respectively, are connected, From these the volume changes in the mercury manometers may _ 


be calculated by multiplying the pressure changes by 0-0263 and 0-0146, respectively. The 
absolute values of these pressures are of no significance and the curves have been displaced 
in order to avoid confusion. For the meaning of the time intervals 7’, ¢ and t’, see text. 
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from expressions (6) and (c) are unusual, and have not been considered to be 
acceptable. This difference was due, in fact, to small differences of measure- 
ment, and perhaps to a change in the status of the vascular tree in the interval 
of time covered by the separate kymograph records. In the results reported 
here, V, has been taken as the mean value of (b) and (c) above, when these 
were in the accepted limits of agreement. Simple summation of the values of 
V, for each pressure range gave a graph of total volume change on the total 
recorded pressure change. — 

The measurement of flow rate. From the above it will be seen that efflux 
from the vascular tree when pressure falls between, say, P and P,, is either: 


(i) V, in the time (7 sec, 
(ii) _V, in the time (¢—?’) sec, 
or (iii) in the time ¢’ sec. 
If the range P—P, be small, the flow rates at the mean pressure of the range 
are 
T—t 


; x 60 ml./min, 60 ml./min, or 60 ml,/min, | 


and these flow rates may be plotted against the mean eagcs: of the range in 
which they are found. 

The estimation of resistance to flow. The results have been examined in 
relation to the ‘geometric’ and the ‘dynamic’ expressions of resistance to 
flow (R). 

The ‘dynamic’ equation R=P/F, where P and F are measurements of 
pressure and flow rate respectively, has been applied aOR Y. to the flow-rate 
graphs. 

An attempt has been made (and is considered more fully in the discussion), 
to relate experimental measurements of vascular volume change to change in 
calculated resistance. In this case the ‘geometric’ expression of Poiseuille 
has been employed, viz. 

where r and L are the radius and length of a uniform tube, and 7 is the viscosity 
of the liquid. The condition holds only for laminar flow. The relationship 
between these expressions and the experimental findings are discussed at 
greater length below. 


RESULTS 

Three graphs of intra-arterial volume change against intra-arterial pressure 
_ are shown in Fig, 2. All these graphs show a markedly increased rate of change 
of volume as intra-arterial pressure approaches the pressure at which blood 
27-2 
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ceased to flow. It is convenient to call this the ‘closing pressure’ following the 

practice of Burton and his colleagues (1951). In preparations uninfluenced by 

drugs there has been no departure from this general outline of volume change. 
14 
10 


(a) 


' 


(b) 
(<) 


& 


‘Vascular volume change (ml.) 


0 10 20 30 40 50 6 70 8 9 100 110 
intra-arterial pressure (mm Hg) 


Fig. 2. Three control intravascular pressure-volume curves from different cats. (a) Animal 
weighed 3-6 kg, total volume change 0-91 ml.: flow ceased at 10 mm Hg. (6) Animal weighed 
3-8 kg, total volume change 0-78 ml.: flow ceased at 20 mm Hg. (c) Animal weighed Slag 
total volume change 0-50 ml.: flow ceased at 12-5 mm Hg. 


In general, when several of these graphs are seen in relation to each other, 
and in animals of approximately the same weight, a smaller value of the 
‘closing pressure’ is associated with a greater rate of volume change as this 
pressure is approached. Conversely, the smallest rates of volume change were 
found in animals which had received vasoconstrictor drugs so that closing 
pressure was raised above the control level. Fig. 3 shows this sequence of 
events in three graphs obtained from the same animal. There is a reduction in 
the total volume change as well as the rate of change, all in association with an 
increasing closing pressure. 

The flow rates corresponding to the three graphs in Fig. 3 are shown in 
Fig. 4. They have the general form which might be expected, that is, the slope 
of the curves was reduced when closing pressure was increased so that, at any 
pressure common to all, the flow rates at this pressure were reduced. 

The curves show that flow ceased at a pressure above zero. 
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Vascular volume change (ml.) 


0 10 20 30 SO 70 8 100 110 
Intra-arterial pressure (mm Hg) 


Fig. 3. Intra-arterial pressure-volume curves from one cat. vol; in 
control; curve 2a, after i.a. administration of adrenaline, 2-Oyug/min; curve 3a, after i.a. 
administration of pt-noradrenaline, 0-3u.g/min. The graphs 16, ‘theoretical’ 
curves, whose meaning is explained in the text. 
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Fig. 4, Flow rates from the same animal as in Fig. 3, and which are derived from the data which 
gave thep volume graphsin Fig. 3. 1, control; 2, during intra-arterial pt-noradrenaline, 
0-3ng/min; 3, during i.a. adrenaline, 2-Oyg/min. 
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A mixture of the above situations is found after the intra-arterial admini- 
stration of adrenaline at rates between 0-5 and 1-5ug/min in animals which 
weighed between 2°5 and 3-5 kg. Fig. 5 shows the results in such an experi- 
ment. There is a small increase in the rate of volume change, but a reduction 
in the ‘closing pressure’ in these conditions. The corresponding flow-rate graphs 
(Fig. 6) show a reduced slope, but flow continues to a pressure below the control 

‘closing pressure’. These changes, though not always marked, were observed 
in each of seven experiments. 


1(a) 


Vascular volume change (ml.) 
1 


0 10 2 30 #0 50 6 7 8 9% 100 110 
intra-arterial pressure (mm Hg) 


Fig. 5. Pressure-volume graphs in a cat weighing 3-8 kg during intra-arterial adrenaline admini- 


stration at a rate of 1-Oug/min. la, control; 2a, adrenaline administration. Graphs 1} and 
26 are ‘theoretical’ curves, and are discussed in the text. 


When the rate of administration of adrenaline exceeded 1-5ug/min a closing 
pressure greater than control was found in all but two of the preparations. 
These two animals were larger (4:2 and 5:0 kg) and the least dosage rate re- 
quired to raise the closing pressure was 2-0ug/min in each case. The effect of 
these larger doses of adrenaline is seen in Fig. 3 where the decreased total 
volume change is associated with increased closing pressure. 

In all dosage rates noradrenaline raised closing pressure and gave an experi- 
mental graph of volume change similar to the graphs shown in Fig. 3. To 
produce this effect in varying degree, pL-noradrenaline (as the bitartrate) was 
given at dosage rates of 0-1-0-5ug/min. 
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20 
18 


Flow rate (ml./min) 


0 0 0 3S 70 W 100 110 
Intra-arterial pressure (mm Hg) 


Fig. 6. Graphs of flow rate and pressure in the same animal as Fig. 5, and constructed from data 
corresponding to the pressure-volume graphs shown in Fig. 5. 


DISCUSSION 


To what extent do these findings support the view that changes in vascular 
diameters will themselves explain observed changes in flow rate? 

The experimental results give change of vascular volume with intra- 
arterial pressure and also the flow rates at these pressures. If the length of the 
vascular tree does not change materially with change of pressure, then the 
- recorded changes of volume are a measure of the change i in cross-sectional area 
of the vascular tree. 

The graphs of volume change concern all portions of the arterial tree, and 
include large vessels as well as those smaller channels which offer the greatest 
resistance. Absolute volumes are not recorded, and the volume contained in 
any portion of the vascular tree when blood flow ceases and volume change 
becomes zero is unknown. Since these graphs of total volume change will 
include the minute peripheral vessels which, in the view of Nichol e¢ al. (1951) 
and of Burton (1952) come to closure, they will contain the absolute volume 
change of these minute vessels. At the ‘closing pressure’ their volume is zero 
and total volume change is also zero. It is unlikely, from first considerations, 


that the whole of the observed volume spange: is contributed by these vessels 


which come. to closure. 
Nevertheless, it is of interest to compare the results with the behaviour of a 
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single theoretical channel, of uniform characteristics, of unit length, and of 
such a diameter that it would permit the observed flow rates at the observed 
pressures. The absolute volumes of this channel are unimportant (for its length 


is arbitrary), but the manner or pattern in which its volume changes is of | 


greater interest, for it is determined by the observed flow rates. The resistance 
of such a uniform channel is considered to vary inversely as the fourth power 
of the radius, and the volume directly as the square of its radius. 

The graphs in the theoretical case give absolute volume and this may be 
plotted against the corresponding graphs of volume change obtained from the 
experimental data, which has been done in Fig. 3. 

The agreement in their pattern of development extends over a small range 
of pressure in the control graphs, but it becomes closer after adrenaline 
administration, and, in one of the graphs shown in Fig. 3, it is virtually com- 
plete after the administration of noradrenaline. Thus, in this last case, the 
pressure-volume graph obtained experimentally develops throughout in the 
same manner as a volume graph which was constructed solely to account for 
the observed flow rates. 

Where correspondence between the graphs of theoretical volume and 
observed volume change is great, it does not follow that the whole vascular 
tree has zero volume when flow ceases. It is true for the theoretical channel; 
it is not necessarily true for larger vessels, but the evidence in these experi- 
ments supports the view that it may be true for the vessels which normally 
constitute the site of major peripheral resistance. 

The results described suggest that vessels of large diameters have reduced 
distensibility after noradrenaline administration, and it may be that their 
diameters are reduced also. Indeed, it is possible that the diameters of larger 
vessels is reduced until they too come to offer a notable proportion of the total 
resistance. Consequently, the rising slope in Fig. 3(3a) may represent the volume 
change of larger but constricted vessels, if, in these conditions, the minute 
vessels behave as if they were virtually rigid, and hence show no volume 
change themselves. 

In contrast, a considerable departure from this pattern is seen in the control 
curves. Total volume change is much greater, and the behaviour of the graphs 
does not conform to the pattern shown by the graph of volume change in the 
theoretical channel. This is not necessarily at variance with the foregoing 
discussion. If, in these conditions, elements in the vascular tree other than the 
vessels of closure have relatively large diameters even at low pressure, and if 
their distensibility is also relatively large in these circumstances, then the 
observed pattern would be explained. Essentially this means that in control 
conditions these vessels contribute a negligible part of the total resistance but 
contribute notably to the volume change. An analogous situation is given by 
a wide-bore soft rubber tube, with a hypodermic needle resistance at one end. 
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If the tube contains a viscous liquid under pressure, resistance to flow at 
different pressures will be virtually constant, although a notable change in the 
volume of the tube will occur with change in pressure. ? 
Green e¢ al. (1944) have pointed out that the approximately linear portion of 
the flow-rate curves reported by Pappenheimer & Maes (1942) cut the pressure 
axis at a value above zero. If arterioles be thought of as virtually rigid tubes, 
so that relative changes in flow rate are due to viscosity changes alone, then 
(at least over the linear portion of their graphs) flow varies directly with 
pressure, and the projection of this linear portion should pass through the 
origin, which is not the case. However, blood-fiow results in rigid systems also 
provide graphs in which the linear portions, when extrapolated, cut the 
pressure axis at a positive value. Burton (1952) has published a number of 
results in which the typical graphs of flow rate are S-shaped, becoming concave 
to the pressure axis at high and convex at low flow rates. It is suggested that 
projection of the portions of the curves at high flow rates pass through the 
origin. These features have been present in nineteen of twenty-nine flow-rate 
graphs in the present experiments. The concavity towards the pressure axis at 
higher pressures has been least clear, in the present experiments, when intra- 
arterial adrenaline and noradrenaline have been given in large doses. It seems 
that, over the range of pressures observed, increase in diameter of the vessels 
offering resistance still continued, or, perhaps, that at the lower flow rates 
found in these conditions, viscosity changes are more apparent. 
_ The results following upon the administration of smaller doses of adrenaline 
may have as their explanation a vasoconstriction of skin vessels (with an 
accompanying loss of potential volume change), and a simultaneous vaso- 
dilatation in the muscle vessels, which would increase the potential volume 
change. There would therefore be a reduction in closing pressure relative to 
the controls, since blood will now flow until the muscle vessels come to closure 
and these vessels have reduced tone. The gain in potential volume change due 
to muscle vasodilatation appears approximately to balance the loss due to 
vasoconstriction in the skin, for the total volume change is not very different 
from that in the controls. The more precise relation between alteration of 
volume change and closing pressure in these circumstances would depend, 
presumably, upon the relative volume of the vessels in each of these regions, 
_ and the share of the total resistance borne by each in control conditions. 
_ On the evidence at present available it cannot be said that, for the pressure- 
volume curves in general, the portion showing rapid volume changes repre- 
sents only massive closure of minute peripheral vessels. 


at 
aq 
it 
4 
“a 
ig 
3 
> 


426 FP. R. HOWELL AND T. G. RICHARDS 


SUMMARY 


1. Pressure-volume curves for the femoral tree of the anaesthetized cat 
were obtained, both in control conditions and after the intra-arterial admini- 
stration of adrenaline and noradrenaline. 

2. Increased vascular tone was accompanied by a marked diminution of the 
rate of change of vascular volume with change of pressure. The total volume 
change was also reduced. Increased vascular tonus was associated with an 
increase in the pressure at which blood ceased to flow. Small intra-arterial 
doses of adrenaline reduced the pressure at which blood flow ceased, but had 
little effect upon the total volume change. 

3. The observed changes of intra-vascular volume were consistent with the 
view that some elements in the vascular tree come to closure at low pressures, 
and that change in vascular volume will explain observed blood flow rates in 
certain conditions. 

4. After noradrenaline, and the larger doses of adrenaline, vessels which 
normally play a negligible part in resistance to flow may offer a relatively 
larger resistance, and this may account for the observed increasing non- 
linearity of flow-rate curves with increasing vascular tone. 
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-AUTOLYTIC CHANGES AT ZERO CENTIGRADE IN GROUND 
MAMMALIAN TISSUES 


By E. J. CONWAY, HONOR GEOGHEGAN anp J. I. McOORMACK 
From the Biochemistry Department, University College, Dublin 
(Received 18 April 1955) saad 


In a previous communication (Conway & McCormack, 1953) strong evidence 
was brought forward for the conclusion that the molar concentration inside 
mammalian tissue cells was the same as that of the plasma. The view had been 
entertained by Opie (1949) and Robinson (1950) that intracellular concen- 
trations were much higher than those of the plasma (50-100% higher), and 
that as a consequence water entered the cells continuously in vivo and was 
pumped out again. 

Briefly, the evidence on which this view depended was the swelling of tissues, 
or tissue slices, when these were immersed in Ringer fluid isosmotic with 
plasma, under conditions when metabolism was inhibited, as by cold (0° C). 
The water so taken up was lost again on immersion of the slices in oxygenated 
Ringer fluid at 37° C. Cyanide (0-002) also produced the same effect as low 
temperature and its action was shown to be reversible (Robinson, 1950). As 
supporting evidence the older observations of the freezing-points of tissues 
(Sabbatani, 1901; Gomori & Molnér, 1932) were cited. The implications of the 
view that. Opie and Robinson put forward are such that the total molecular 
concentration inside mammalian tissue cells should be about 480-640 m-mole/lI. 
Taking mammalian skeletal muscle, for example, it has been shown (e.g. Conway, 
19506) that the sum of the concentrations of known substances of quantitative 
significance in the fibre water is about 320 m-mole/kg water, or approximately 
the same as the total extracellular concentration. Also, the dry weight of such 
substances corresponds to the total dry weight of muscle minus that of the 
known and analysed substances of high molecular weight. The difference 
between these two estimates of the total concentration of low-molecular 
weight substances is practically zero, while it would amount, on a conservative 
estimate, to 2-8 g/100 g muscle if the total osmolar concentration in the fibre 
water were double that of the extracellular fluid. Furthermore, it could be 
deduced that if such organic molecules existed they would be non-acidic, since 
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there is no evidence for the existence of basic groups to balance 150 to 300 
extra anionic charges over and above those already considered (Conway, 
19506). They would also be non-nitrogenous, small in size, and because small 
and non-diffusible, they should be highly polar. But there is no analytical 
evidence for the existence of such molecules in anything like the required 
quantity. 

At the outset these would be formidable objections to the views of Opie and 
of Robinson, who have ignored the existing analytical data, but also there is 
the positive evidence from the freezing-points taken under suitable conditions 
(Conway & McCormack, 1953). From these experiments it appears that the 
fresh tissue (immediately after removal) has the same intracellular concentra- 
tion as the plasma. At the same time it was shown that with certain tissues, 
such as skeletal muscle and rat kidney, the molecular concentration of the 
frozen and ground tissue maintained at 0° C increased sharply and linearly 
during about 20 min. Such a rapid rise in total molecular concentration even 
at 0° C affords an explanation of Opie’s results with the melting-points of 
frozen tissues (Opie, 1954) since the melting extended over 30 min. His 
criticism of the results of Conway & McCormack (1953) amounts apparently 
to the curious hypothesis that the addition of an equal amount of 0-95% NaCl 
to the frozen and ground tissue at 0° C may cause the disappearance from free 
solution of about 150-300 mm of some unknown material, calculated per kg 
of original cell water. It may be pointed out that maintaining the tissue 
without any such addition at 0° C causes a molecular increase similar to that 
which occurs when saline is added. Addition of saline after 30 min gives the 
same freezing-point depression as when added from the beginning. This shows 
that addition of saline does not in any case result in the disappearance from 
free solution of the new molecules formed on standing, and it would be 
surprising if it did so. 


In the present circumstances we give the results of an investigation into the — 


nature of the increased molecular concentration occurring when skeletal 
muscle and kidney tissue are frozen in liquid oxygen, POWLnEn and then 
maintained at 0° C. | 


METHODS 
| Treatment of tissue 
The tissues examined were guinea-pig abdominal muscle and diaphragm, rabbit diaphragm and 
rat kidney. The general method was as follows. The tissue, after its rapid removal from the 
anaesthetized animal, was hooked on to a piece of wire and plunged into liquid oxygen for 2 or 
3 min, being kept under the surface to prevent condensation. It was then ground to a fine powder 
in @ mortar, using occasional small amounts of liquid oxygen to maintain a low temperature. 
This operation was performed as quickly as possible to prevent condensation of moisture. A portion 
of the powder was analysed immediately for its various chemical constituents (¢, values). The rest 
of the frozen powder was placed in an enclosed vessel, allowed to thaw to about 0° C, and then 
kept on crushed ice at 0° C for 1 hr before analysing. By analysing this sample (¢,,) indications 
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3 of the nature of the molecular increase as found by the increase in freezing-point depressions (F',) 


mentioned in the previous paper (Conway & McCormack, 1953) could be expected. 

Apart from direct analysis of the powdered tissue as just described, the following further 
treatments were carried out before analyses. 

Preparation of trichloroacetic acid (TCA) extracts. About 1 g of the frozen powder (t, sample) 
was introduced through a chilled funnel into a weighed centrifuge tube containing 2 ml. of cold 

10% TCA. More of the 10% TCA was then added, so that the total was 5 ml. of 10% TCA per g 
powder. After centrifuging, the supernatant fluid was filtered through a small Buchner funnel 
and the filtrate analysed. The ¢, sample was treated similarly, about 1 g of the powder being 
introduced into a weighed centrifuge tube and kept at 0°C for 1 hr, the 10% TCA being 
subsequently added. 

Dialysis. This was carried out on tissue-saline mixtures prepared as follows. The f, sample of 
powder was ground with an equal volume of 0-95% NaCl containing 0-1% HgCl,. The t,, sample 
was treated similarly after maintaining at 0° C for 60 min. 

About 0-5 g of tissue-saline mixture was introduced into a collodion sac of about 1 ml. capacity. 
The sacs were then placed in glass tubes (capacity 2 ml.) containing 0-5 ml. distilled water. The 
tubes were stoppered and placed in the refrigerator for 100 min, the mixtures being stirred at 
intervals with a glass rod. 

Extraction of organic acids. Extractions with ether were carried out on TCA extracts of ¢, and 
too Samples, using the Kutscher—Steudel apparatus at 45° C. The ether extract was reduced to 
dryness in vacuo and the organic matter dissolved in a small amount of water for electrometric 
titrations. 

Chemical analyses 

Glycogen was determined by direct analysis of the frozen powder. This was boiled with alcoholic 

potash and the glycogen residue hydrolysed (Kerr, 1936). The resulting glucose was estimated by 


_ the method of Folin & Malmros (1929). 


Lactic acid was estimated by hydrolysis with n-HCl (Lohmann & Meyerhof, 1934), and the 
resulting pyruvic acid by the method of Friedemann & Haugen (1943). 

Reducing sugars were determined by the method of Folin & Malmros (1929). 

Organic acids were determined by electrometric titration of the ether extracts as described 
below. 

Phosphate esters of various kinds were determined after barium fractionation of the TCA 
extracts (Conway & Hingerty, 1946). ‘The barium-insoluble fraction was analysed for the 
following substances: 

(i) adenosine triphosphate by the method of Lohmann (1929); 
(ii) fructose diphosphate by Roe’s method (1934); 
(ili) 3-phosphoglyceric acid by the method of Rapoport (1937). 

The barium-soluble fraction was in turn analysed for the following: 

(i) total hexose mono-esters by measuring the total phosphate remaining after precipitation 
of the residual unhydrolysed creatinephosphate by the method of Sachs (1944); 
(ii) triose-phosphate according to Lohmann & Meyerhof (1934); 
(iii) creatinephosphate by measuring the increase in inorganic phosphorus due to hydrolysis 
in strong acid at room temperature; 
(iv) inorganic phosphorus was determined by the method of Fiske & SubbaRow (1925). 

Total nitrogen was estimated by micro-Kjeldahl incineration and microdiffusion (Conway, 
1950a). Total non-protein nitrogen was determined with TCA extracts. 

Amino acids were estimated by treating with ninhydrin (Van Slyke, Dillon, MacFadyen & 
Hamilton, 1941) and the ammonia measured by microdiffusion (Conway, 1950a). 

Peptides were estimated as amino acids after hydrolysis for 10 hr in 20% HCl. 

Amide nitrogen was estimated as ammonia after hydrolysis of TCA extracts with 3n-H,SO, 
(Conway, 1950a). 

Creatine was estimated after conversion to creatinine (Béhm & Griiner, 1936). 
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Purine nucleotides and nucleosides were determined after precipitation (Kerr & Blish, 1932), 
Kjeldahl incineration and microdiffusion. 

Bicarbonate, chloride and ammonia were estimated by microdiffusion (Conway, 1950a). 

Sodium, potassium and magnesium were estimated by flame photometry (magnesium after 
precipitation with 8-hydroxy-quinoline). 

Calcium was precipitated with oxalate and titrated with permanganate (Clark & Collip, 1925) 


Electrometric titrations were carried out on TCA extracts and saline mixtures prepared as for 


dialysis but using five times the volume of saline. One ml. of fluid was titrated with n/2-5 acid 
or alkali from a micro-syringe. The temperature of the sample was kept as near 0° C as possible, 
and in the case of the saline the surface ‘of the liquid was covered with a layer of paraffin to 
prevent appreciable changes in CO,. 


 Preezing-point determinations were carried out as described by Conway & McCormack (1953). 


RESULTS 
Electrometric titrations 
Trichloroacetic acid extracts of muscle (abdominal; guinea-pig). Titrations 
__ were carried out as described in Methods on TCA extracts at t, and t,, of guinea- 
rd pig abdominal muscle and diaphragm. Figs. 1 and 2 refer to diaphragm, but 
since the curves for abdominal muscle were very similar they will not be 
described here. 
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_ Fig. 1 shows the titration curves for TCA extracts of diaphragm at ¢, and 
too. The buffering distribution at 4 is shown in Fig. 2, together with the 
difference between the distributions for ¢, and ¢,,. From these results the 
following may be stated: (1) There occurs a marked increase in titration values 
on maintaining the previously frozen and powdered tissue at 0° C for 1 hr. 
The titration difference between pH 2-5 and 11-0 may be expressed as about 
75 m-equiv/kg of original tissue water. (2) The zones of increased ans 
appear around pi levels of 3-0, 4-25, 6-65, 9-0 and 11-0. 
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Fig. 2. Buffering disteibution of trichloroacetic acid extracts of guinea-pig diaphragm. The 


buffering is expressed for each 0-5 pH range as m-equiv base/kg tissue water/unit pH. 
A, Buffering of #, sample; B, increase in buffering due to maintaining at 0° C for 60 min. 


Trichloroacetic acid extracts of rat kidney. The experiments were carried out 
in a similar way to those with muscle. Fig. 3 shows the difference between the 
ty and fo titrations expressed as buffering power. This kidney buffer graph 
shows a much smaller increase in the region pH 6-7 than the corresponding 
muscle curve. The increases above pH 10 and below pH 3 are somewhat 


| similar to muscle. 


Chemical analyses 


Abdominal muscle (guinea-pig). 


Table 1 shows the results of analyses of the TCA extracts of the t 
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concentration after 60 min at 0° C. Only the analyses showing a significant 
change are given. All concentrations are o- as m-mole/kg of original 
tissue water. 

It will be seen that a number of labile substances break down rapidly, even 
at 0° C, and between ATP, hexose esters, creatinephosphate and glycogen, one 
can account for a 28%, increase over an external 0-30 osmolar fluid and a 
possible 44% increase. These increases are referred to tissue water, but if 
referred to the original intracellular fluid of the abdominal muscle the increase 
amounts to 40-60%. Similar figures were obtained for diaphragm. 


& 


= 


_m-equiv base/kg tissue water 


QO 


_ Fig. 3. Increase in buffering of trichloroacetic acid extracts of rat kidney after 60 min at 0° C, 
calculated from the difference between the titrations of the fa - tg samples. Buffering levels 
expressed as in Fig, 2. 


TaBLE 1. Analyses of trichloroaeetic acid extracts of guinea- pig abdominal muscle. 
Concentrations ie Se in m-mole/kg tissue water unless otherwise stated. 


Source of the No. of | Change in total molecular maximum 
molecular increase experi- ¢ concentration concentration molecular Nature of the 
in free solution ments values over60min over6Qmin increase increase 
ATP 2 7-6 22-5 22-5 Inosinic acid, 
; ammonia and 
| phosphate 
Hexose esters 2 36-3 ~ 10-9 10-9 21-8 Phosphate and 
and triose or 
3-carbon 
compounds 
Creatinephosphate 2 11-3 -9-8 9-8 Creatine and 
| phosphate 
Glycogen (m-mole 2 56-0 — 35:5 35:5 710 See Table 2 
hexose per kg 
tissue water) 


6 160-3 5°8 5-8 5:8 


Total 845 130-9 
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Such increases due to the breakdown of organic compounds, observed on the 


TCA filtrates, do not represent the total produced. Potassium ions are to some 
extent rendered osmotically inactive by attachment to negatively charged 
protein, and the same applies in greater relative amounts to magnesium. 
A proportion of these attached ions will be set free. This is evidenced by the 
dialysis experiments, which show that after 60 min at 0° C, there is more 
diffusible magnesium and also somewhat more diffusible potassium. The 


amounts of potassium and magnesium so liberated are approximately 5-0 and 
5-5 m-mole/l. of tissue water. 


sr 
7 
6 
4 
0 Tee 20 30 40 50 60 


Time (min) 


Fig. 4. Increase in free ammonia in frozen and powdered guinea-pig diaphragm, 
maintained at 0° C. The results for two animals are given. 


Notes on the breakdown of the labile substances 

ATP. This breaks down to inosinic acid, phosphate and ammonia. The 
course of the breakdown can be readily followed by the free ammonia figures 
which come from the deamination of the adenylic acid produced by dephos- 
phorylation of ATP. Each mole of ATP disappearing gives rise to four new 
moles. Fig. 4 shows the rate at which ATP breaks down in the ground tissue 
mixture maintained at 0° C. The data represent the increase in the free ammonia 


content, resulting from the deamination of adenylic acid. 


Hexose esters. These also break down quickly, and presumably into phosphate 
plus triose derivatives, or at least to 3-carbon compounds, since hexose esters 


are not appreciably found after the 60 min at 0° C. One mole of hexose ester 
disappearing may cause therefore the appearance of three new moles. 
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Creatinephosphate. This disappears rapidly, giving rise to free Sititiats 
and creatine. 

Glycogen. A considerable portion disappears after 60 min but only a relatively 
small proportion appears as lactic acid as seen in Table 2. Glyceric acid also 
results, and the total of ether-extractable acids found amounts to about one 
half the total breakdown of glycogen (reckoned as m-mole of hexose). Fig. 5 
shows the increased buffering due to these acids extracted from abdominal 
muscle. 


TaBxe 2. Details of the breakdown of glycogen in guinea-pig abdominal muscle. 
All concentrations given as m-mole/kg of tissue water 


Nature of the Change in 

molecular increase No of _ molecular concen- 

in free solution expte. ty values tration over 60 min 
Lactic acid 2 44 +176 
Glyceric acid + 14-0 

eto-acids 1 0-7 + 0-03 
Total of ether ex- 2 51-0 +32-0 

tractable organic acids 


= 


m-equiv base/kg tissue water 
uw 


3 4 5 6 7? 
| pH 
Fig. 5. Increase in buffering due to organic acids, in guinea-pig abdominal muscle, 
after 60 min at 0° C, Buffering expressed as in Fig, 2. 


Kidney (rat) 


It can be seen from Table 3 that in the case of rat kidney there is also a rapid 
breakdown of labile substances on maintaining the ground tissue at 0° C for 
60 min. The principal substances contributing to the molecular increase are 
ATP, hexose esters and organic acids, There is also a marked increase in non- 
protein nitrogen which is shown in further detail in Table 4. The increase in 
buffering due to the ether-extractable organic acids is shown in Fig. 6. 
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TaBce 3. Results of analyses of thie trichloroacetic acid extracts of rat kidneys. Only the analyses 
showing a significant change are given. Concentrations expressed in m-mole/kg tissue water 
unless otherwise stated 

Change in Increase in Possible 
Source of the concentration totalmolecular maximum Nature of 
molecular increase No.of over 60 min concentration molecular increased 


_ in free solution expts. values at 0° C over 60min —_ increase products 


ATP 2 1-5 4:5 4:5 Inosinic acid, 
ammonia, 
phosphate 
Hexose esters 2 20-2 ~9-3 9:3 18-6 Phosphate and 
triose or 
3-carbon 
compounds 
Organic acid 1 51-0 +35-0 35-0 35-0 
sources (ether- 
extractable) , 
Non-protein nitro- 5 194-0 +404 40:4 40-4 
gen sources (mg- 
atoms N per 
tissue water) 
Total 89-2 98-5 


TaBLE 4. Details of the increase of non-protein nitrogen. 
All results are given as milligram atoms of nitrogen/kg tissue water 


ty teo Change 
Total non-protein nitrogen 194 234 +40 
Amide nitrogen | 14 16 ie 
Amino nitrogen 27 32 +5 
ide nitrogen 74 84 +10 
Nucleotide nitrogen 18 30:5 +12°5 
Nucleoside and purine nitrogen 29-7 33-5 +3°8 


uiv base/kg tissue 


0 
4 3 4 5 6 7 8 85 
pH 
Fig. 6. Increase in buffering due to organic acids, in rat kidney, after 60 min at 0° C. 
Buffering expressed as in Fig. 2. 


DISCUSSION 
It is obvious from these studies that in ground tissue, even at 0° C, there is 
a surprising rapidity of breakdown of substances such as ATP, hexose esters 
and glycogen (although only a small fraction of the breakdown of glycogen 
passes to lactic acid over 60 min). The inv..-:2 in molecular concentration 
as found analytically approaches that calculated from the freezing-point 
28-2 
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depression, and would probably account for the total F, change if all the sub- — 


stances were recognized and determined. 

One half of the ATP is broken down to inosinic acid, ammonia and phosphate 
in less than 10 min. At 37° C such breakdown would no doubt proceed at a 
greatly increased rate. It is very likely that in frozen and thawed tissue, 
maintained at about 0° C there is a similar rapid increase and this would 
account for such results as those of Opie (1954). The relatively large increase 
of amino acid and peptide nitrogen, as well as the increase in ether-extractable 
organic acids in the ground kidney, are of special interest. They suggest that 
when, in rat kidney slices immersed in Ringer fluid, swelling occurs as the 


result of metabolic inhibition by low temperature (0-3° C) orcyanide (Robinson, © 


1950), the breakdown of such labile substances is a major cause of the swelling. 
This question is dealt with in a subsequent paper. Here account may be taken 
of the short note published by Brodsky, Rehm & McIntosh (1953) on osmotic 
equilibria in tissues, using a technique in some respects similar to that employed 
by Conway & McCormack (1953). The fresh tissue of dogs was frozen in liquid 
nitrogen, then crushed in a Carver press, the freezing-point depression being 
measured by a cryoscopic method. The results suggest to them the conclusion 
that internal isotonicity is maintained in organs which do not produce a 
secretion, such as skeletal muscle, while internal hypertonicity is restricted to 
those organs concerned with the production of a secretory fluid (kidney, 
stomach, liver, etc.). With regard to Robinson’s comment on this note 
(Robinson, 1954) we do not agree that similar precautions were taken in the 
determinations. No mention, for instance, is made of the effect of time after 
the preparation of the cell-free homogenate on the freezing-point depressions 
and it is clear from the results obtained in this laboratory that the molecular 
' increase is so rapid in certain tissues after disintegration that it “— quite 
easily account for the observed facts. 


| SUMMARY 

1. The nature of the increased molecular concentration occurring in frozen 
and powdered mammalian tissues maintained at 0° C has been investigated. 

2. With skeletal muscle so treated there occurs a rapid breakdown of ATP, 
hexose esters, creatinephosphate and glycogen during the 60 min period. The 
_ total of extra molecules produced accounts for a rise in the molecular concen- 
tration in the tissue water of about 28-44% over an external 0-30 osmolar 
solution. This will tend to be a little further increased by changes in diffusible 
potassium and magnesium. 

3. There is a similar breakdown of labile substances in the rat kidney during 
the 60 min at 0°C. Such substances are ATP, hexose esters and. precursors 
of organic acids, and of increased free non-protein nitrogen. The increase 
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in the molecular concentration is calculated as 30-33% over an external 0-30 
osmolar solution. 

4. It is suggested that a similar molecular breakdown is an important cause 
of the swelling of tissue slices in Ringer fluid during anoxia, as found by other 
workers. Other causes of this swelling are discussed in a subsequent paper. 
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MOLECULAR CONCENTRATION OF KIDNEY CORTEX SLICES 


By E. J. CONWAY anp HONOR GEOGHEGAN 
From the Biochemistry Department, University College, Dublin 


(Received 18 April 1955) 


From the evidence obtained in a study of freezing-point depressions of frozen 
and powdered tissues maintained at 0°C (Conway & McCormack, 1953) it 
would appear that the intracellular concentration of mammalian tissues is the 
same as that of the plasma. This is also considered by Leaf, Chatillon, 
Wrong & Tuttle (1954) to be in agreement with their recent work on the 
distribution of a large water load in dogs. However, it has been suggested 
recently (Opie, 1949, 1954; Robinson, 1950, 1952) that the intracellular fluid is 
hypertonic and that the cells have to pump out water continuously in order to 
prevent swelling. As evidence for such a theory it has been shown that slices 
of renal cortex in isotonic saline swell under anaerobic conditions (e.g. at 0° C 
or in the presence of cyanide) owing to the uptake of water. At 37° C, in the 
presence of oxygen and absence of cyanide, this water is lost again (Stern, 
Eggleston, Hems & Krebs, 1949; Robinson, 1952; Whittam & Davies, 1953). 
Aebi (1950) has also demonstrated similar dependence of swelling on respiration 
with liver slices from the guinea-pig. 

If the fluid within the cell remains isosmotic with the external fluid then the 
slices should give the same freezing-point depressions after immersion at 0° C 
and at 37°C. But if, on the other hand, water is actively extruded at 37° C, 
the slices at this temperature would have a much higher intracellular concen- 
tration, which should be evident from a marked difference in the freezing- 
point depressions. This has been investigated with the results described below. 

Freezing-point depressions, water content, Na, K and Cl were determined in 
slices of rat kidney cortex, together with determinations of freezing-point 
depression of water content of slices of guinea-pig kidney cortex. The inulin 
‘space’ for rat and guinea-pig cortical slices was also determined. 


METHODS 
The animal was killed by a blow on the head and the kidneys removed immediately. The tissue 
was held between two pieces of frosted glass (moistened with saline) and slices of approximately 
; 0-3 mm thickness were cut by hand with a razor blade, the outer slices being rejected. After 
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cutting, the medulla and cortex of each slice were separated with a blade, only the cortex being 


used. The slices were immediately placed in ice-cold isotonic saline (Robinson’s A, solution, 
Robinson, 1950) and kept at 0° C for 60 min. After this period about half the slices were removed 
for analysis, the remainder being placed in saline at 37° C, bubbled with oxygen for 60 min and 
then removed for analysis. On removal from the saline the superfluous fluid was taken off each 
slice with filter-paper. For ‘fresh tissue’ values, the slices were cut without moistening with 
saline and analysed immediately. 

Cryoscopic measurements. When freezing-points were to be determined the slices were frozen 
as quickly as possible with liquid oxygen, ground to powder in a mortar, and mixed with one 
volume of 0-95% NaCl. The procedure for freezing-point determinations was that described by 
Conway & McCormack (1953), 

Water, Na and K content. For water content and Na and K determinations the slices, after 
removal from the saline, were placed in a platinum crucible, weighed and dried overnight at 
105° C. The water content was taken to be the percentage weight lost in this procedure. The slices 
were then ashed, using some drops of 4n-H,SO, and Na and K determined in the residue, using 
the Beckman flame photometer. 

Chloride content. This was determined by a microdiffusion method (Conway, 1950). 

Inulin space determination. Fresh cortical slices were placed in the saline fluid containing 
0-1% inulin in solution, at 0° C or at 37° C with oxygen. After the usual period they were taken 
out, the surplus fluid removed, and re-immersed in 5 ml. of the saline, without inulin, for 30 min. 
They were then removed and inulin determined in the saline by the method of Ross & Mokotoff 
(1951). Inulin was also determined in the inulin saline fluid (diluted 50 times) after removing 
the slices. The space ‘s’ was calculated from the following formula 


50+38W 
= 


where W is the weight of the kidney slices in grammes after immersion in the inulin fluid, J, the 
inulin concentration in the inulin saline after removing the slices therefrom, and J, the concen- 
tration in the saline after the second immersion. 

It was shown that 30 min was quite sufficient time for the passage of inulin into the interspaces, 


as doubling this time made no difference to the results obtained. 


RESULTS 

The inulin space. Twenty determinations of the inulin space were carried out, 
twelve on rat kidney slices and eight on slices from guinea-pig kidney. With 
each animal one determination was carried out on the slices after 1 hr at 0° C 
and one on the slices after removal from 0 to 37° C for 1 hr. No difference — 
within the sampling error was found between the inulin space for the rat and 
the guinea-pig kidney but the values at 0° C differed from those at 37° C. 
The mean inulin space for slices at 37° C was 0-21 kg/kg tissue, the s.z. being 
0-014. For 0° C the mean was 0-16 kg/kg tissue, with a s.u. of 0-011. The 
difference between the means is 0:05 + 0-018, which may be taken as significant 
since it is about three times its s.z. These results differ somewhat from those of 
Robinson (1950) who gave the inulin space as 0-26 for the rat kidney and 
reported no difference between the values at 2-3°C, when the slices were 
swollen, and at 37° C when they were at or near normal volume. The difference 
may arise from some change in conditions, and from the fact that we 
used 0-1% inulin, whereas Robinson used 1%. (In Robinson’s curve of the 
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determination of the inulin space with time in the saline at 0°C there is a 
secondary slow increase.) 

It may also be noted that the mean inulin space in our determinations, when 
referred to 1 kg of the original or fresh tissue, is in fact about the same at 
0° C as at 37° C, so that there is no appreciable change in the actual space for 
a given number of cells or a fixed weight of fresh tissue. | 

Changes in the water content of the rat cortical slices. In Table 1 the mean 
water content per kg of fresh cortical tissue is 769 + 7-8 ml. On immersing the 
slices in the saline mixture described (0-30 osmolar) for 1 hr at 0° C, the water 
content becomes 831 +3-6 ml/kg. Then on placing for 1 hr in the saline 
mixture at 37° C it becomes 774 + 7-7. 


- Taste 1. Rat kidney cortical slices; changes after immersion in 0-30 osmolar saline 
for 60 min at 0° C and then at 37° C 


7 Immersed Immersed 
at 0° C at 37° C Fresh tissue 
Water content (g/kg of tissue) 831+3-6 TI447-7 769 +7-8 
(15 obs.) (10 obs.) (15 obs.) 
Dry material (g/kg) 169 : 226 231 
F, values 0-59+0-011 0-61+40-017 — 
(14 obs.) (11 obs.) 
F, value (median) 0-58 0-60 — 
Na content (m-equiv/kg) 1164-53 78+3-9 
(14 obs.) (15 obs.) (15 obs.) 
K content (m-equiv/kg) 2442-8 3841-9 5643-5 
(16 obs.) (15 obs.) ~~ (16 obs.) 
Cl content (m-equiv/kg) 55-5443 53-345°5 31 
(6 obs.) (6 obs.) (4 obs. 


If it be assumed that the total solid material remains approximately 
constant, the changes can be represented as per kg of original fresh tissue. 
Thus 1 kg of fresh tissue slice swells at 0° C to 231/169 or 1-367 kg. This 
swollen tissue contains 831 x 1-367 g (=1136 ml.) of total water. Of this 
1-367 x 160 (=219 ml.) is interspace water and therefore 917 ml. is cellular 
water, indicating a 64 % increase from 559 ml. (769 —210 ml.). The tissue placed 
subsequently in saline at 37° C loses nearly all this excess water. Thus per kg 
original tissue it decreases from 1-367 to 1:022 kg, the total water being 
1-022 x 774=791 ml. Of this, 1-022x 200 (=204 ml.) is interspace water 
leaving 587 ml. as cellular water which has lost 330 ml. (i.e. 917—587 ml.). 

The F, values of the cortical slices. The results of the determination of the 
freezing-point depressions of the tissue water (F;) in the slices are given in 
Table 1, for fourteen observations on the slices at 0° C and for eleven obser- 
vations on the slices at 37° C. The mean F, changes from 0-59 + 0-011 at 0° C 
to 0-61 +0-017 at 37° C. The difference here is not significant. The medians or 
most representative values for the series are 0-58 and 0-60. The values are 
somewhat greater than the freezing-point depression of the external fluid 
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(0-53). However, it has been shown in a previous communication (Conway & 
McCormack, 1953) that with maintenance at 0° C for up to 20 min the freezing- 
point depression increases by 0-0103¢, where ¢ is the time in minutes. After 
5 min, which is about the time required for a freezing-point determination by 
the method described, the F; value could be expected to be approximately 
0:58 so that no significant change from this occurs in the slices. 

Na, K and Cl values. From the data in Table 1, the derived values of Table 2 
have been obtained. The data for Na, K and Cl content of the cell water have 
been calculated per kg of original tissue as described above. 


Taste 2, Rat kidney cortical slices; data from Table 1 expressed per kg fresh tissue 


and referred to the cell water 
Immersed at 0° C, Immersed at 37° C 
m- fresh fresh 
a to to 37° C 
Na -79 
K 33 39 +6 
Cl 76 55 -21 
Total water 1140 793 — 347 
(ml./kg fresh tissue) 
water per water per transferring m 
fresh tissue © fresh tissue 0 to 37° C 
Na 128 -78 
K : 31 38 +7 
Cl 44 24 20 
Cell water (g/kg fresh tissue) 920 578 _ 


It will be seen that, on changing from 0 to 37° C, the slices lose 78 m-equiv 
Na and 20 m-equiv Cl from the cell water while gaining 7 m-equiv K. The total 
loss for Na, Cl and K is thus 91 m-equiv per kg of original tissue. With osmotic 
equilibrium this should account, at most, for 91 x 1000/300 ml.=303 ml, 
though if some of the cations were bound by colloidal or r protein pahonrales, 
the figure would be less. 

As shown above the total water lost was 330 ml. or a minimum of 8 
(=27 x 0-30) extra m-mole would appear to be lost from the cell water per kg 
_ of original tissue (as by re-syuthesis of larger molecules). 

Data for the guinea-pig kidney. In Table 3 the data for guinea-pig slices are 
summarized. It will be seen that swelling of the cortical slices occurs on 
immersion at 0° Cand the slices lose water on placing again in saline at 37° C. 
The water changes are much less than for the rat kidney. One kilogram of 
fresh slices changes to 1-24 kg at 0° C, the extra water being lost again on 
placing in saline at 37° C, with oxygen bubbling. 

The mean F, values for the slices at 0°C and at 37°C (0-53+0-02 and 
0-544 0-02) are the same as the value for the external fluid edie within 
the sampling error. 
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_ The absence of any increase above the external value for the slices at both 
temperatures agrees with previous observations (Conway & McCormack, 1953) 
in which no increase with time was found on maintaining the frozen and 
powdered tissue at 0° C for more than 30 min, so that in the 5 min required 
for the freezing-point determination no increase should be expected. 

Tasie 3. Guinea-pig kidney cortical slices; changes after immersion in 
0-30 osmolar saline for 60 min at 0° C and then at 37° C 


Immersed Immersed : 
at 0° C 37°C Fresh tissue 
Water content (g/kg tissue) 823+ 6-4 800 + 6-2 781443 
(5 obs.) (5 obs.) (5 obs.) 
Dry material (g/kg) 177 200 219 
F, value 0-53 + 0-02, 0-544. 0-02 — 
(6 obs.) (6 obs.) 
F, value (median) 0-52 0-53 _— 
DISCUSSION 


From the results obtained, it would appear that swelling of the rat kidney 
slices when their metabolism is practically stopped by immersion in saline 
(0-30 osmolar mixture) at 0° C can be attributed to the following factors: first, 
to the failure of the sodium pump either in all the cells of the slices or in 


the cells of some special region, and, second, to the breakdown of labile sub- | 


stances as described in the previous communication (Conway, Geoghegan & 
McCormack, 1955). The failure of the sodium pump allows the accumulation 
of Na in the following ways: 

(a) Na* ions enter with CI” ions. 

(6) Na* ions enter in exchange for H* ions when, through the formation of 
new non-colloidal molecules, increased anionic groups such as R.COO™ are 
formed. 

(c) Na* ions enter, as in (6), when new anionic groups appear on the colloidal 
molecules chiefly through increase of pH. 

(d) Na* ions exchange for K* ions. 

_ It may be added that it is also very probable that there will be a variable 


loss of normally non-diffusible material due to permeability changes, thus _ 


providing another factor in the total change. 

Of these four points only (a) and (6) will cause an increase of molarity in the 
cell water. It will be seen from the results that if the slices be considered for 
convenience as exchanged from 37 to 0° C (with reversal of the changes on 
transferring from 0 to 37° C), then the cell water (per kg fresh tissue) gains 
20 m-equiv Cl which may be considered as accompanied by 20 m-equiv Na”. 
Also, 7 m-equiv of K* are exchanged for 7 m-equiv Na* leaving 51 m-equiv 
Na* (78—20—7) to be accounted for otherwise. A little of this may possibly 
be connected with phosphate entrance, but it may be assumed that it is nearly 
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all due to exchange with H* ions from the new anionic groups. There is no 
evidence at present for the relative assignment to colloidal or non-colloidal 
molecules. 

Mudge (1951) found that under the conditions which he employed the sum of 
the Na and K concentration in the cell water remains constant as the change is 
made from 0 to 37° C. From our results the concentration per litre of cell water 
was found to be 173 m-equiv at 0° C and 153 m-equiv at 37° C. However, the 
difference only favours Mudge’s conclusion against the water pump theory. 

The volume changes in guinea-pig cortical slices on transferring from 0 to 
37° C are much less than for the rat kidney. This is to be expected from the 
fact shown previously (Conway & McCormack, 1953) that when guinea-pig 
kidney (as opposed to rat kidney) is frozen, powdered, mixed with an equal 
volume of saline and kept at 0° C there is no — change in molecular 
concentration over a period of 30 min. 

Deyrup (19534, b) has investigated the swelling in various media of cortical — 
slices from the rat kidney, and considers her findings incompatible with the 
view that the-cells are normally hypertonic with respect to the plasma. 
Results with glucose, either with or without NaCl, and with the disaccharides 
are difficult to explain on any simple basis but are probably explicable by a 
combination of effects on the Na pump, the formation of new molecules (or 
inhibition of the metabolism), differences in permeability to glucose and 
disaccharides, and changes of permeability induced by the media. 

Reference may here be made to recent work of Aebi (1953) on the total Na 
and K concentrations in rat kidney cortical slices incubated for 1 hr in a 
Ringer fluid containing 11 m-equiv K and 158 m-equiv Na/litre. The mean 
figures found for K and Na were 71-1 and 133-7 m-equiv/kg of tissue, which 
would give 291 m-equiv (Na and K) per kg of cell water (calculating this as 
indicated in the present text). If isosmotic equilibrium existed in the outer 
fluid this would leave about 50 m-mole/kg water for other cell constituents. 

Comparison with the frog kidney. Like the cortical slices of the mammalian 
kidney, the isolated frog kidney swells considerably when its metabolism is 
inhibited by cyanide (Conway, FitzGerald & Macdougald, 1946). Unlike the 
mammalian tissue, placing in Ringer fluid at 0-3° C does not cause it to swell 
over 24 hr, presumably by insufficiently inhibiting the metabolism. Such 
kidneys in the cold have still an active metabolism, and extrude sodium and 
some chloride. Immersed in Ringer-Locke solution containing 0-7% NaCl at 
room temperature, after 2 hr the mean weight falls to 0-83 of the original 
weight while if 0-002 m-potassium cyanide is present the kidneys increase to 
1-06 times the original weight after 2 hr immersion. 

From curves through the data given in tables 3 and 4 of the communication 
referred to above (Conway et al. 1946) the following mean values (referred to 

1 kg of fresh tissue) may be given: the K, Cl, Na and weight values after 24 hr 
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immersion in the Ringer-Barkan fluid, are 49, 24, 22 and 0:88 respectively. 
With cyanide (0-004m-KCN) the values were 32, 40, 55 and 1-18, with an 
external value for K of 2-5 m-equiv/l. and a total external concentration of 
185 m-equiv/l. Thus in cyanide the kidneys have 33 m-equiv Na and 16 m-equiv 
Cl more but 17 m-equiv less K than the kidneys in the Ringer-Barkan fluid 
without cyanide. The total Na entering without Cl is (33-16) or 17 m-equiv, 
which is the same as the K lost. This balance, however, must be considered 


with respect to the possible entrance also of 2-5 m-equiv HCO, , ascaleulated | 


from the external ratio of Cland HCO, ion concentrations. The total increase of 
(Na+K-+Cl) is 32, or allowing for bicarbonate, 34-5. The total external 
concentration is 185, or 180 omitting the KCl which may be considered as 
- osmotically inactive with K and Cl freely diffusing across the membrane. 
Thus about 190 ml. water per kg may be expected to enter with the change 
in inorganic ion balance but in fact 300 ml. enter per kg of the original tissue 
and the excess may be accounted for by the formation of new molecules due 


to the breakdown of labile substances with the metabolic inhibition produced _ 


by cyanide. 

With the frog kidney it was shown that in such electolyte exchanges one was 
dealing with two nephron regions, identified as the proximal and distal 
tubules. Nearly all the Na and Cl in the fresh kidney (apart from the inter- 
space) is contained in the distal tubule and is actively excreted therefrom when 

_ the kidney is immersed in Ringer fluid with resulting great decrease in volume 
of the distal tubule. Cyanide inhibits the passing out of Na and the Na and Cl 
ions enter freely into the distal tubule causing considerable swelling. The 
proximal tubule appears to be little affected by the cyanide. Either Na enters 
very slowly into the cells or the pumping mechanism in these cells is not 
affected by cyanide. In the earlier paper the proximal tubule cells were 
considered impermeable to Na ions. This may be interpreted rather as a 


virtual impermeability (due to the Na pump) like that of the muscle fibre 


membrane. 
‘ SUMMARY 

1. In confirmation of the results of other workers, renal cortex slices from 

rats and guinea-pigs immersed for 1 hr in 0-30 osmolar saline mixture 
(Robinson, 1950) at 0° C, swelled considerably. 
2. On subsequently immersing the slices in a similar saline at 37° C, and 
bubbling with oxygen for 1 hr, the slices lost water to about the normal value. 
The ratio of the tissue water at 0° C to that at 37° C per kg fresh tissue was 
1-43:1 for rat kidney, and 1-24:1 for guinea-pig. 

3. There was no difference (within the sampling error) between the total 
molecular concentration of the renal cortex slices at 0° C and at 37° C, in the 
case of rat and guinea-pig, as was shown by the freezing-point depression. For 
the guinea-pig this was the same as that of the external fluid. For the rat 
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kidney the freezing-point depressions at 0 and 37°C were both somewhat 
raised, but no more than could be expected from the rapid autolytic breakdown 
during the period required for the determination (Conway & McCormack, 
1953). 

4. The loss of water from the renal cortex of the rat on transferring from 
0 to 37°. C with oxygen was shown to be partly due to the excretion of Na ions, 
accompanied by Cl and possibly by some other anions or in exchange for H 
ions, the remainder being considered due to reduction of intracellular molecules 
by the resynthesis of labile complexes. 

5. The mean inulin space for the slices was determined, using 0-1 % inulin in 
immersion fluid. In the case of both rat and guinea-pig renal cortex it was 
found to be 0-16 + 0-01 g/g tissue at 0° C, and 0-21 + 0-014 at 37° C. Little or 
no change in the actual space per kg of fresh tissue resulted from the changes 


in cell water. 
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EFFECTS OF AN INHIBITORY FACTOR (FACTOR I) FROM 
BRAIN ON CENTRAL SYNAPTIC TRANSMISSION 
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Florey & McLennan (1955) have described the effects of an inhibitory factor 
present in the brain and spinal cord of mammals on peripheral synaptic 
transmission. It was shown that the factor causes synaptic block in certain 
mammalian sympathetic ganglia, although the ganglia do not apparently con- 
tain the factor. It does not cause block of neuromuscular transmission in 
mammals as it does in crustaceans (Florey, 19545). 

The factor is present in the exudate from the exposed cat’s brain, and seems 
therefore to be a physiological constituent of the brain. We have sought to 
extend our knowledge of its actions by investigating the effects of the factor 
on the activity of the central nervous system of mammals. During the present 
series of experiments we have found that the effects of the factor are not 
consistently inhibitory, and we shall refer to it below by its earlier name 
‘Factor I’ (Florey, 19546). 

METHODS 
The method of preparation of the factor, 
preparation of the crayfish, have been described in the preceding paper (Florey & McLennan, 
1955). The minor alterations which have now been introduced at the end of the procedure of 
purification are shown in the flow sheet (Table 1). As before the term ‘brain-equivalent’ (B.£.) 
refers to the amount of Factor I extracted from 1 g of fresh brain tissue. 

Cats-were decerebrated under ether anaesthesia, artificial respiration was begun, and the 
animals were thereafter maintained without further anaesthetic. The activity of a monosynaptic 
reflex pathway in the spinal cord was tested by recording the movements of the lower leg following 
elicitation of the patellar tendon jerk. The femur was fixed by means of a bone drill, and the tendon 
was stimulated once every 10 sec with a Palmer automatic knee-jerk hammer. Leg movements 
were recorded with a flat-spring myograph on a smoked-drum kymograph. In one experiment the 
ankle-jerk reflex was elicited, and the movements of the foot recorded. A polysynaptic reflex 
resulting in flexion at the knee joint was obtained by stimulation of the saphenous nerve caudal 
to the point where the femoral and long saphenous arteries divide. Movements of the leg were 


. Aided by a grant to Dr K. A. C. Elliott from the Banting Research Foundation. 
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recorded on the kymograph, the femur being fixed as before. The nerve was stimulated at a fre- 
quency of 0-5/sec. In a few experiments involving the flexor reflex the appropriate sensory roots 
were stimulated instead of the peripheral nerve, with identical results. In some cases the muscles 
antagonizing the desired reflex were sectioned (i.e. m. biceps femoris and m. semitendinosus in the 
case of the extensor reflex; m. sartorius and m. quadriceps femoris in the case of the flexor). 
Similar results were obtained with these preparations as when movements of the intact leg were 
recorded. 
TaBxeE 1. Purification of Factor I from brain 


Total Total Total K 
volume(ml.) 8.z.’s (m-equiv) 


Homogenate of 1 kg brain 1800 ~=—- 1000 
boiled 
8000 530 29-0 
Concentrated in vacuo 100 530 29-0 


Treated with charcoal, tered 90 


Residue discarded 
Treated with 5% HCIO,, filtered 
Treated with 10-fold vol. 1100 500 5-4 
absolute ethanol, pH 2-5; filtered 
; Treated with 5-fold vol. ether, 6000 450 ’ 1-23 
filtered 
Extracted with absolute ethanol 500 450 0-12 
Adjusted to with NaOH, — 
Precipitate discarded 
: Dried in vacuo 0 = — 
Extracted with e solution 450 oe 


Saline solutions containing Factor I were applied topically to the exposed spinal cord. The 
vertebral column was opened from the dorsal side between L 1 and L 7, the dura overlying the 
cord removed, and the cord itself raised up on small glass rods to ensure that the applied solutions 
teached all parts of the surface. The saline medium used was unbuffered Tyrode solution, the 
Na content of which was lowered in proportion to the amount of Na in the final preparation of 
Factor I. Most of this final Na is added during the last precipitation step (see Table 1). 

Solutions of Factor I were also applied to the hypoglossal nuclei of cats under Dial (5, 5-dially]- 
barbituric acid) anaesthesia. The nuclei were exposed by a suboccipital craniectomy followed by 


amputation of the posterior part of the cerebellum. Responses were recorded electromyographically 
from the tip of the tongue. 
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RESULTS 


Spinal reflexes 
Our first attempts to affect the activity of spinal reflexes were by injecting 
solutions containing Factor I into the arterial supply of the appropriate spinal 
segments. These experiments were uniformly unsuccessful in producing any 
changes. We therefore tried topical application of the factor on the exposed 
spinal cord. The stretch reflex evoked by mechanical stimulation of the patellar 
tendon was found to be inhibited within 5 sec after the application of 1 drop 
of a solution of Factor I of 1 B.z./ml. (=0-05 B.z.) to the appropriate segment 
of the cord (Fig. 1). The reflex always showed spontaneous recovery from the 
inhibition produced by Factor I, the time taken for this to occur being 
dependent on the amount of the factor applied. Recovery was observed even 
when a pool of fluid containing the factor was left in contact with the cord. 


| 


Fig. 2 
Fig. 1. Records of movements of the lower leg of a decerebrate cat in response to mechanical 
stimulation of the patellar tendon every 10 sec. At the first arrow 1 drop of a solution of 


Factor I (1 B.2./ml.) was applied to the exposed spinal cord in the region of L 2 vertebral 
segment. At the second arrow the cord was bathed with Tyrode solution. 


Fig. 2. Stretch reflex in the leg of a cat, as in Fig. 1. At the first arrow 2 drops of a solution of 
Factor I (1 B.8./ml.) were applied to the exposed cord; was 
bathed with Tyrode solution. The post-inhibitory facilitation should be noted, | 


This finding could be explained as due to enzymic destruction of Factor I, 
since fluid removed from the pool during the recovery phase was inactive when 
tested on the stretch receptor. The presence in brain and spinal cord of an 
enzyme causing inactivation of Factor I has been reported (Florey, 19545). 
If large amounts of Factor I (1 8.x. or more) are applied to the segment, 
inhibition may last for several minutes; however, recovery may be obtained at 
_ any time within a few seconds by bathing the cord with Tyrode. In several 
preparations we observed a considerable facilitation of the reflex following 
inhibition induced by Factor I (Fig. 2). In this and in all the other preparations 


a 
448 
a d 
esc 
solut 
findin 
4 
4 refle: 
facto 
refle 
appl 
. 
stim 
rose 
the 
of tk 
a 
4 to t 
4 4 q is te 
q 4 gate 
stre 
refi 
q 
4 nin 
larg 
the 
‘ pro 
col 
\ 
ou! 
4 
q iD} 
3 


injection of 0-5 mg/kg atropine sulphate. 
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described in this paper, the action of Factor I did not vary with the pH of the 
solution applied within the range 5-5-8-0. This is in contrast to our previous 
findings with the crayfish and the mammalian autonomic ganglia, where 
jnhibition was obtained only at a pH below 7. 
When the spinal cord was treated with Factor I during elicitation of a flexor 
reflex, no inhibition of the reflex was observed, irrespective of the amount of 
factor applied. On the contrary, in many although not all experiments the 
reflex was enhanced by the factor within 5 sec (Fig. 3). In addition, the first 


application of the substance after a period of rest (5 min or more without 
stimulation) often caused an increase in the tone of the flexor muscles which 
rose to @ maximum in about 15 sec, and thereafter spontaneously declined to 


the original level during the next 30-40 sec (Fig. 3A shows a marked example 
of this action). This increase in tone was less marked if the factor was applied 


a second time to the cord after it had been washed and the reflex had returned 


to its basic level (Fig. 3B). A third application was almost without effect 
(Fig. 3C). Facilitation was still observed in each case, however. The increase 
in tone due to the application of Factor I is shown also in Fig. 4, where stimuli 


to the peripheral nerve were omitted; the movements of the leg near the top 


_of the ‘tonic’ contraction occurred spontaneously. 


It has recently been reported that the action of strychnine on spinal reflexes 


is to reduce all types of synaptic inhibitory action (Bradley, Easton & Eccles, 


1953; Eecles, Fatt & Koketsu, 1954). It was of interest therefore to investi- 


" gate the effect of subconvulsant doses of strychnine on the changes in spinal 
teflex activity induced by Factor I. Strychnine was administered intra- 


venously, 0-08 mg/kg. This dose produced little effect on the monosynaptic 
stretch reflex, while it caused a large increase in the excitability of the flexor 


reflex (cf. e.g. Kaada, 1950). Application of Factor I to the cord of a strych- 


ninized animal produced no inhibition of the stretch reflex in amounts 
which were fully effective before strychnine (0-05-0-2 B.z.) (Fig. 5), while 
larger amounts (1 B.£.) brought about only a partial block of the reflex. With 
the flexor reflex, strychnine enhanced the ‘tonic’ effect of applied Factor I and 
prolonged its duration, and increased also the effect of the factor on the reflex 
contractions, | 
Blood pressure 

_ Blood pressure changes in the anaesthetized cat associated with the intraven- 
ous administration of Factor I are shown in Fig. 6. The substance (1 B.£. in 1 ml. 
saline, followed by 3 ml. saline) caused a fall in the blood pressure of the same 
order as that brought about by the injection of 1 ml. of 1:2 x 10-* acetyl- 
choline. The effect of both the factor and acetylcholine was abolished after the 
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Fig. 3 Fig. 5 : 


Fig. 3. Records of movements of the lower leg of a decerebrate cat in response to electrical 
stimulation of the saphenous nerve every 2 sec. The three strips A, B and C are continuous. 
At the first arrow in each case 1 drop of a solution of Factor I (1 8.z./ml.) was applied to the 
exposed spinal cord in the region of L 5 vertebral segment. At the second arrows the cord 
was bathed with Tyrode solution. 


Fig. 4. ‘Tonic’ flexion at the knee joint of a decerebrate cat in response to application to the spinal 
cord of 1 drop of a solution of Factor I (1 8.z./ml.) (at the arrow). The recorded twitches near 
the top of the ‘tonic’ contraction were spontaneous. 


Fig. 5. The effect of application to the cord of 0-1 3.2, of Factor I (2 drops of 1 B.z./ml.) on the 
stretch reflex of a cat. A, before; B, 5 min after the intravenous administration of 0-08 mg/kg 
strychnine. | 


Hypoglossal nucleus 


Since Factor I is known to antagonize the effect of acetylcholine on the guinea- 
pig ileum (Florey, 1953), the stretch receptors (Florey, 19546) and the intestine 
of the crayfish (Florey, 1954), and since it blocks the cholinergic synapses of 
autonomic ganglia in mammals (Florey & McLennan, 1955), we have studied 
the effects of Factor I on the hypoglossal nucleus of cats, which is known to be 
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a cholinergic structure (Miller, 1943). In these experiments the factor in- 
variably produced a large excitation in the nucleus, as judged from the massive 
muscle discharge recorded from the tip of the tongue (Fig. 7). The amount of 
factor required was of the order of 0-02 B.2. If the nucleus was stimulated by 
the application to it of acetylcholine, Factor I caused further excitation, and 
showed no tendency to block the action of acetylcholine in this preparation. 


Fig. 6. Records of the blood pressure in the common carotid artery of a cat under Dial anaesthesia. 
At the first arrow in each case 1 ml. of acetylcholine (1:2 x 10-*) was injected intravenously ; 
at the second arrow 1 ml. of a solution of Factor I (1 8../ml.). A, before; B, 5 min after the 
intravenous administration of 0-5 mg/kg atropine sulphate. 


Strychnine convulsions in mice 
The subcutaneous administration of 25 yg of strychnine nitrate in 0-3 ml. 


me saline into albino mice weighing 25 + 1 g produces a series of clearly definable 


symptoms which terminate with the death of the animals. These states we 


have named: (1) ‘twitchy’; (2) ‘slight convulsion’ (brief spasms lasting 


¢e. 1 sec); (8) ‘convulsion’ (insufficiently severe to cause loss of balance); 
(4) ‘heavy convulsion’ (with loss of balance); (5) ‘final convulsion’ (strong 
tonic spasm with extension of the hind legs and flexion of the neck and fore 


legs); an@&(6) ‘death’. 


In animals injected only with strychnine, or in those receiving control 


: injections of 0-5 ml. saline followed in 3-5 min by strychnine, this sequence is 
- completed in 54-16 min (Fig. 8), and none of the animals so treated survive. 


However, the subcutaneous administration of 0-3 B.z. of Factor I in 0-5 ml. 


_ Saline 3-5 min before the strychnine was sufficient completely to protect all 
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animals against any convulsive effects (Fig. 8). That the factor was not acting 
by preventing the absorption of the strychnine from the site of the injection 
was shown by the equally good protection obtained with intraperitoneal 
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instead of subcutaneous administration of the strychnine. 


Fig. 7. Electromyographic responses from the tongue of a cat under Dial anaesthesia. A, resting 
discharge; B, discharge following application of 1 drop acetylcholine (1:10-*) to the exposed 
hypoglossal nuclei; ©, discharge following application of 1 drop of Factor I (1 B.z./ml.) to 


| 


_ the exposed hypoglossal nuclei. 


Death 


Final 
convulsion 


Heavy 
convulsion 


Convulsion 


Slight 
convulsion 


Twitchy 


Fig. 8. The protective action of Factor I against strychnine convulsions in mice, Control animals 
(thin line) received 25 ug strychnine nitrate subcutaneously at time 0; the animals repre- 
sented by the thick line received 0-3 B.z. of Factor I 3-5 min before the strychnine. The 
lengths of the bars indicate the time ranges over which symptoms developed, and the curves 
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60 animals 
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are drawn through the mean points. 
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| DISCUSSION | 

‘The results of our experiments are surprising in several respects. The failure of 
Factor I to act when administered by close arterial injection into the spinal cord 
must indicate that it is unable to penetrate the ‘blood-brain’ barrier, since we 
could show that it is not destroyed by the blood. We have injected 5.8.&. of 
Factor I intravenously in a cat, and have found the full expected concentration 
in blood withdrawn 5 min later. 

The shortness of the interval between application and effectiveness of 
Factor I with topical administration presents another problem. The finding 
that its effects on the two types of reflex investigated are entirely different 
must mean that the structures common to both are not the ones affected, e.g. 
the sensory and motor roots. It seems reasonable, therefore, to assume that 
Factor I acts on synaptic structures which are different for the two reflexes. 
In order to do this it must diffuse into the central grey matter of the cord. We 
have shown that it takes only 5 sec for applied factor to be effective. Assuming 
a diffusion path of 1 mm; calculations have shown either that the substance 
must diffuse at an extremely high rate, or, what seems to us more likely, that 
very small quantities of the active principle (<1% of that applied) are 
capable of producing the full effect. In support of this it has been found that 
topical application of 0-001 B.z. is effective in causing complete block of 
transmission in the inferior mesenteric ganglion of the rabbit (Florey & 
McLennan, 1955). 

Another unexpected result is the antagonistic effects of our preparation on 
monosynaptic and polysynaptic reflex pathways. We believe that the in- 
hibition of the one and the enhancement of the other are probably caused by 
the same active substance, for the two actions run exactly in parallel through 
all the steps of purification. It may be noted that most biologically active 


substances known to be present in brain can be excluded as being responsible 


for either of the actions of our final preparations of Factor I. In our routine 
procedure substance P, acetylcholine, Factor E (Florey, 19546), and the 
postulated sensory transmitter (Hellauer & Umrath, 1948; Hellauer, 1953), 
are separated from Factor I; and on several occasions we treated the brain 
dialysate with Ba(OH), and with Pb(C,H,O,), which precipitate histamine, 
adrenaline, noradrenaline, 5-hydroxytryptamine, and ATP, while Factor I 
remains in solution. 

The dual action of Factor I presents certain difficulties for the assumption 
that it is the transmitter of inhibitory neurones, unless it be that it is in 
addition involved in transmission at certain excitatory synapses. Its excita- 
tory action on the hypoglossal nucleus, for example, cannot be attributed to 
acetylcholine as a contaminant, for the amount present in our final prepara- 
tions (as judged from the fall of blood pressure obtained) is not sufficient to 
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bring about such a large excitatory effect on the nucleus. The failure of Factor | 
to cause inhibition of the polysynaptic reflex might then be due to the relative 
inaccessibility of the inhibitory synapses compared with those capable of 
being excited, and does not necessarily imply that inhibition of this reflex is 
mediated physiologically by another inhibitor. The occasional observation of 
post-inhibitory facilitation of the monosynaptic reflex may indicate an 
excitatory action of Factor I in this system as well. 

In agreement with the results of Bradley et al. (1953) that strychnine blocks 
synaptic inhibition, we have found that strychnine counteracts the inhibitory 
effects of Factor I. The converse of this is also true, namely that injected 
Factor I is able to protect mice against lethal doses of strychnine, although 
Factor I administered alone has little or no obvious effect in these animals. 

In the present experiments we have extended our earlier investigations on 
the effects of Factor I on synaptic transmission to include the central nervous 
system. Our results showing inhibition of monosynaptic reflexes support 
again our previous assumption that Factor I may be the transmitter of certain 
inhibitory neurones; but if it is true that the excitatory effects which we have 
now also observed can be ascribed to the same active substance, then at the 
same time it must affect transmission of some excitatory processes. 


SUMMARY 

1. A purified preparation of a principle (Factor I) from mammalian brain, 
which causes peripheral synaptic inhibition in crustaceans and in mammalian 
autonomic ganglia, has been applied to the exposed spinal cord of cats. The 
monosynaptic tendon-jerk reflex can be completely abolished within 5 sec of 
application, while the polysynaptic flexor reflex is enhanced. The inhibition of 
the monosynaptic reflex can be blocked by intravenous administration of sub- 
convulsive doses of strychnine. 

2. Factor I causes a large excitation in the hypoglossal nucleus of cats when 
topically applied. 

3. Subcutaneous administration of Factor I in mice is able to protect them 
completely against a lethal dose of strychnine. 

4. Factor I can be dissociated in its actions from many of the biologically 
active substances which might be present in a crude brain extract, and its 
possible function as a transmitter substance i in the central nervous system is 
discussed. 


We are indebted to Dr K. A. C. Elliott for his continued interest and encouragement. We wish 
also to thank Prof. F. C. Macintosh and his colleagues for much valuable discussion, and for the 
loan of equipment. We are grateful to Mr Gerhardt Fink for his capable technical assistance. 
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EFFECTS OF ANAESTHETICS ON METABOLISM AND ON 

TRANSMISSION IN SYMPATHETIC GANGLIA OF RATS: 

MEASUREMENT OF GLUCOSE IN MICROGRAM QUAN- 
TITIES USING GLUCOSE OXIDASE 


By CHARLES EDWARDS* anv MARTIN G. LARRABEE 


From the Thomas C. Jenkins Laboratories of Biophysics, The Johns Hopkins 
University and Hospital, Baltimore 18, Maryland, U.S.A. 


(Received 13 May 1955) 


One hypothesis concerning the action of anaesthetics is that they modify 
functional properties of nerve cells by interfering with oxidative metabolism 
(Verworn, 1911; cf. Butler, 1950, and Quastel, 1952, for recent reviews). 
Larrabee, Ramos & Biilbring (1952) studied the effects of various anaesthetics 
on superior cervical ganglia excised from rabbits, and found no evidence that 
the effects of anaesthetics on axonal conduction or synaptic transmission were 
due directly to depression of oxygen consumption. Concentrations of these 
agents sufficient to depress synaptic transmission had little or no effect on the 
resting rate of oxygen consumption. However, metabolic changes, not 
reflected in the rate of oxygen uptake, may occur. The experiments described 
in the present paper were undertaken primarily to seek evidence of such 
metabolic changes by measuring the rate of glucose utilization, and also to 
extend investigations of anaesthetic action to the sympathetic ganglia of 
another species. 
METHODS 

Measurement of rate of oxygen consumption. Superior vervical ganglia and suitable lengths of 
preganglionic and postganglionic nerves were excised from young rats, Whelan strain, under 
Dial-urethane (Ciba) anaesthesia. Rates of oxygen consumption were measured according to the 
procedure of Larrabee et al. (1952). The ganglion was placed in a chamber through which flowed 
an oxygenated solution of the following composition: 133 mm-NaCl, 5-6 mm-KCl, 2-22 mm-CaCl,, 
16-2 mm-NaHCO,, 1-2 mm-MgCl, and 1-2 mu-NaH,PO,. The solution was equilibrated with a gas 
phase containing 5% CO, and 95% O,, bringing the pH to 7-4. The experimental agents were 
added to the bathing solution when required. To measure the rate of oxygen consumption the 
flow was stopped for about one minute of each five; the rate of fall of oxygen concentration, 
measured with an oxygen cathode (Kolthoff & Lingane, 1941; Davies & Brink, 1942), was pro- 
portional to the rate of oxygen uptake (Larrabee e¢ al, 1952). In the same chamber the pre- 
ganglionic nerve trunk could be stimulated and action potentials were recorded from both the 
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preganglionic and postganglionic trunks. The infrequent test stimuli (once in 3-10 min) were 
always somewhat above the strength giving maximum response. 

Measurement of rate of glucose consumption. For these experiments ganglia were tied by silk 
threads to platinum wires inserted in corks as shown in Fig. 1. A glass vessel, containing about 
25 yl. of solution of the composition previously given, was raised and lowered by a motor-driven 
cam so that the tissues were completely immersed for about 12 sec in each minute; the remainder 
of the time they were exposed to a humidified gas phase (the dry gas contained 95% O, and 5% 
CO,). The flow of gas was adequate to prevent air from entering the system. Tests on several 
ganglia showed that they retained the ability to transmit impulses for the duration of the experi- 
ment. The whole apparatus was in a thermostatically controlled box (34-37° C). After 45-60 min, 
the glass vessel was replaced by another, and the solution was analysed for glucose. 


Oxygen 


Salt bridge to 
calomel cell 


-Rubber 
gasket 
‘Platinum wire 
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Fig. 1 Fig. 2 

moved so as to immerse the tissue for 12 sec in each minute. The same vessel was used for 
the analysis procedure, after being replaced by an identical one. The vessel was actually 
held in a plastic tube which filled most of the space in the large block; this limited the 
diffusion of air into the region around the ganglion. 

Fig. 2. Cross-section of oxygen electrode assembly and reaction vessel used for bikie analysis. 
The chamber around the shaft of the electrode was made of plastic (methacrylate resin) ; 
it was mounted in another piece of plastic which also held the vessel in place. The oxygen 
electrode was insulated by lead glass. | 


At the end of the experiments the ganglia were blotted to remove surface moisture, wrapped in 
aluminium foil to prevent further drying, and weighed. 

Determination of glucose. The glucose analysis was based on the properties of the enzyme glucose 
oxidase (notatin). This substance has been extensively investigated by Keilin & Hartree (19482, b). 
In the presence of glucose oxidase, glucose is oxidized to gluconic acid: 


CoH 120, + 0, + =C,H,,0, + H,0,. (1) 
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In the presence of catalase the reaction proceeds: 
H,0, =H,0 +40,. (2) 

The net reaction is: 

CgH +40, (3) 
Thus if the oxygen be present in excess in a closed system, the amount of oxygen removed on 
completion of thé reaction is determined by the quantity of glucose initially present. In our 
experiments the oxygen concentration was measured with a polarized platinum electrode 
(Davies & Brink, 1942). Some of our earlier experiments on excised rabbit ganglia, using this 
method for glucose analysis, were reported by Larrabee & Bronk (1952). 

It was assumed above that the peroxide formed in (1) was broken down. Keilin & Hartree 
(19484) reported that most glucose oxidase preparations contain catalase, and this was verified 
for the preparations which we used. In addition, a lead sulphide paper test for peroxide was 
negative; this indicated breakdown of at least 75% of the peroxide formed. 

The evidence for reaction (3) is further supported by a stoichiometric calculation. In a typical 
experiment 0-14 pmole (25 pg) of glucose was dissolved in 65 pl. of an oxygenated solution of 
glucose oxidase; this volume of solution contained about 0-088 ~mole of oxygen, calculated 
using the value of the solubility of oxygen in water at 20°C. According to equation (3), the 
oxidation of 0-14 pmole of glucose requires 0-07 ymole of oxygen. A colorimetric determination 
for glucose showed that at least 90% was oxidized by the enzyme. Thus the enzymatic oxidation 
of 0-126 umole (90% of 0-14 pmole) would have consumed 0-063 pmole of oxygen, or about 70% 
- of the oxygen present in the solution. The experimental results were consistent with this 
calculation. 

The analysis was carried out in the same vessel as was used for immersing the ganglion. This had 
the advantage of eliminating errors inherent in transferring aliquots of small amounts of liquid. 
In particular, evaporation or condensation during the period when the solution was being applied 
to the ganglion had no effect on the results, since the analysis measured the total amount of 
glucose remaining in the vessel, rather than the concentration in an aliquot. 

The vessel was formed of glass tubing, with an inside diameter of about 3 mm, a depth of about 
9 mm, and a volume of about 65 ul. The sample was dried in a vacuum. A steel ball, 1-5 mm 
in diameter, was added and the cell filled with a buffered solution of glucose oxidase and oxygen. 
The top of the vessel was immediately closed with a cover made of plastic, and the contents were 
mixed for 10-15 sec by movements of the steel ball under shaking. The vessel was then quickly 
placed on a mount so that it was sealed by a rubber gasket and the solution was in contact with 
a platinum electrode and fluid link to a calomel cell (Fig. 2). The electrode, reaction vessel and 
calomel cell were in a thermostatically controlled box (about 33° C). At the end of a fixed period, 
usually 44 min after the enzyme solution was added, a suitable polarizing voltage was applied 
between the platinum electrode and the calomel cell. The resultant current, recorded after 
amplification, gave a measure of the oxygen concentration. 

The linearity of the result of the glucose method is illustrated in Fig. 3, which is a plot of the 
oxygen electrode current as a function of the quantity of glucose present. There was evidence 
that the system was no longer linear when the oxygen tension fell to less than about 10% of 
saturation. This was presumably due to incomplete oxidation of the glucose. In the experiments 
to be described, the samples contained 19-26 ug of glucose, while the amounts removed by the 
ganglia averaged 3 yg. Therefore the oxygen content of the enzyme solution was increased 
somewhat above that employed for Fig. 3, in order to keep the determinations within the linear 
range of the method. 

The enzyme was dissolved in m/8 acetate buffer, pH =5-6, in a concentration which gave 
essential completion of the reaction in 1 min. The solution was prepared in advance and stored 
in a refrigerator with no loss of activity. The solution was usually saved at the end of each deter- 
mination and used again in later experiments. 

In the course of the analyses unknown samples were interspersed between samples containing 
known amounts of glucose. The unknown values were calculated by linear interpolation. 
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To study the reproducibility of the method under experimental conditions, nine independent 


determinations were made on the same solution. The standard deviation of an observation was 


1:2 mg/100 ml., or 0-29 yg of glucose, Colorimetric methods somewhat better than this have been 
published. Park & Johnson (1949) reported a standard deviation of an observation of about 
0-12 ug. However, this enzymic method has the advantage of being quite specific (cf. below), 
while the colorimetric procedures are sensitive to reducing substances other than glucose. 

Keilin & Hartree (1948a) studied the specificity of glucose oxidase with respect to other sugars 
and their derivatives. Of forty-nine substances examined, four were oxidized at about 1% of the 
rate of glucose oxidation, and ‘the others were virtually or completely unattacked. Experiments 
were made to test the effect of lactate on the enzyme reaction. This was thought to be the only 
substance likely to be produced by ganglia in any quantity. In a solution containing 80 mg/100 ml. 
glucose the addition of 100 mg/100 ml. lactate produced no significant effect. Quantitative 
conversion to lactate of the glucose consumed by a ganglion would have yielded no more than 
about 20 mg/100 ml. lactate. 

Keilin & Hartree (1948a) noted that the pure enzyme was not inhibited by ‘narcotics (alcohols, 
urethanes)’ HCN, H,S and HN,; however, they pointed out that these latter substances might 
affect the oxygen uptake by poisoning the catalase. To eliminate any effect of this inhibition, 
the anaesthetic agents were usually added to the glucose standards in the same concentration 
as to the bathing solution, 


100 


0 5 10 20 
Micrograms of glucose 
Fig. 3. Oxygen electrode current (percentage of current with no glucose present) as a function of 
the amount of glucose present. The two symbols represent experiments done on different days. 


RESULTS 

When preparing to study the rate of glucose uptake, ganglia were first 
equilibrated in the bathing fluid described above for 30-60 min. The con- 
sumption of glucose was then measured during six successive periods, each 
45-60 min in duration. During the first three periods the ganglion was in un- 
modified bathing fluid. Anaesthetics were added during the last three periods. 
The uptake of glucose in the absence of anaesthetics during the first three 
periods averaged 3-75 yug/mg.hr (wet weight) for fifty ganglia. The standard 


_ error of the mean was 0-14 yg/mg. hr. 


The time courses of two experiments with pentobarbitone are shown in 
Fig. 4. The effects of pentobarbitone, chlorbutol, and 2-hexanol are shown in 


Fig. 5. All three agents increased the rate of glucose uptake, although the 
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| pentobarbitone 
0 4 j 
1 2 3 4 5 6 
! Hours after excision 


Fig. 4. Typical glucose uptake experiment showing effect of two concentrations of pentobarbitone. 
The uptakes are plotted as percentage of the average resting values. The solid lines represent 
a ganglion which was transferred to 0-1 mm-pentobarbitone at the time indicated by the 
0-5 mm 
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period 
Fig. 5. Effects of pentobarbitone (a), chlorbutol (6), and 2-hexanol (c) on the inte rate of 


glucose uptake. The anaesthetics were added at the beginning of the fourth uptake period. 
The uptakes are given as percentages of the average value of the second and third uptake 


periods. to each concentestion is given in parentheses. Uptake 
periods varied in duration from 45 to 60 min. 
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effect of 2-hexanol was small for the concentrations employed. A new steady 
state was usually reached by the start of the fifth period (i.e. the second 
period after adding the experimental substance), This was in agreement with 
the 20-30 min required to reach steady state levels of oxygen consumption, 
synaptic transmission and axonal conduction in the respiration chamber 
where solution flowed past the ganglion (cf. also Larrabee et al. 1952). 

A possible fate of the additional glucose consumed in the presence of 
pentobarbitone and chlorbutol is its conversion into lactic acid. To investigate 
this question with regard to pentobarbitone, in two experiments the bathing 
fluid, which had been applied to the ganglion in the same way as for the 


Glucose 
consumption 


Uptake period 
Fig. 6. Effect of pentobarbitone (0-5 mm) on resting rates of glucose consumption and of lactate 
production, The glucose data are averages from five ganglia. Lactate production was 
measured on two ganglia, represented by different symbols (@, ©). The first point for each 
ganglion is the average rate for three uptake periods without anaesthetics. Pentobarbitone 
was added at the start of the fourth uptake period. The broken line indicates the effect of 
the removal of pentobarbitone from one of the ganglia at the start of the sixth period. 


glucose measurements, was analysed for lactate by the method of Barker & 
Summerson (1941). The average rate of lactate production during the three 
periods in unmodified bathing fluid was 1-55 and 1-65 yg/mg.hr (periods 1-3, 
Fig. 6). Thus about 40% of the glucose consumed in the absence of anaesthetics 
appeared as lactic acid. The rate of lactate production was increased in the 
presence of pentobarbitone (periods 4-7, Fig. 6), and the additional amount 
of lactate produced was roughly equal to the additional glucose utilized. 
Evidently nearly all of the additional glucose was converted to lactate. 

The results of measurements of glucose uptake, oxygen consumption, and 


_ electrical responses are summarized in Fig. 7. For this figure the effects of 


anaesthetic agents on glucose metabolism were expressed by the ratio of the 


_ average rate of glucose consumption during the fifth and sixth uptake periods 
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(with anaesthetic) to the average rate of consumption during the second and 
third periods (without anaesthetic). Thus transient disturbances at the 
beginning of an experiment (first period) and soon after the addition of the 
anaesthetic (fourth period) were eliminated. Control experiments indicated 
that in the absence of anaesthetics there was no significant difference between 
the average uptake of glucose for the fifth and sixth periods and the average 


Pentobarbitone (04 mm) Chlorbutol (20mm) 2-Hexanol (43 mm) Ethyl ether (37 mm) 
260 


Rate of consumption of 


Postganglionic (%)  Pregangtionic (%) Oxygen (%) 


08S oe BSESBS BS SES 


Height of action potential 


— 
Relative concentration 

Fig. 7. Effects of pentobarbitone, chlorbutol, 2-hexanol and ethyl ether on resting rates of 
consumption of glucose and oxygen, and on preganglionic and postganglionic action potentials 
evoked by supramaximal stimulation of the preganglionic nerve. Relative concentrations 
are plotted on logarithmic scales, where unit concentration is that which gave 50% 
depression of the postganglionic action potential (lower graphs). The value of this concentra- 
tion for each substance is given in parentheses at the top of the figure. The properties plotted as 
ordinates are expressed as percentage of value in absence of anaesthetics. Lines are drawn 
to the median values at each concentration. 


for the second and third (Table 1). Each point for oxygen consumption or 
height of action potential in Fig. 7 is the steady state value, taken after at 
least 20 min exposure to the anaesthetic and expressed as percentage of the 
control value. Concentrations of the various agents were chosen which fell 
within the range of increasing effect on the postganglionic response (bottom 
row of Fig. 7). 
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Kach agent had its characteristic pattern of action within the range of 
concentrations which progressively depressed the postganglionic response 
(Fig. 7). As the concentration was increased, pentobarbitone accelerated the 
rate of glucose consumption and slowed oxygen uptake without depressing 
conduction in the preganglionic fibres. Chlorbutol, on the other hand, while 
resembling pentobarbitone in its effects on consumption of glucose and 
oxygen, impaired preganglionic conduction. 2-Hexanol contrasted with these 
agents in having a much smaller effect on glucose uptake. Ethyl ether was 
distinguished by the absence of significant effect on oxygen consumption. 
(Glucose consumption was not measured in the presence of ethyl ether due to 
technical difficulties caused by the volatility of this substance.) 


Taste 1. Absence of time trend in rate of consumption of glucose by 
ganglia bathed in control solution 


Ratio _ Average uptake during 5th and 6th periods 
Average uptake during 2nd and 3rd periods * 


‘Expt, 1 2 3 4 5 6 7 Mean 


Ratio 1:09 1:33 093 108 105 0:92 0:90  1-04+0-06 of mean) 


i DISCUSSION 
The metabolic changes caused by anaesthetics in sympathetic ganglia of rats 
are similar to those previously found by others in brain tissue from the same 
species. Thus acceleration of glucose uptake accompanying depression of oxy- 
gen consumption by anaesthetics was observed in brain slices by Rosenberg, 
Buchel, Etling & Lévy (1950), and in brain homogenates by Greig (1947). 
Another similarity between brain and ganglia was that the extra glucose was 
apparently converted into lactate in both tissues. If this is true, none of the 
extra glucose consumed in the presence of certain anaesthetics is oxidized. 

Acceleration of glycolysis accompanying slowing of oxygen consumption 
was also observed in the presence of anaesthetics by Webb & Elliott (1951). 
They suggested that the effect of anaesthetics on glycolysis might be mainly 
a result of the inhibition of oxygen uptake. Perhaps the enhanced glucose 
consumption in sympathetic ganglia of rats may be similarly explained. In 
agreement with this suggestion is the increase in glucose uptake observed 
when oxygen consumption is restricted by other means, such as withdrawal of 
oxygen or application of cyanide (observations on rabbit ganglia by Edwards 
& Larrabee (1952) quoted by Larrabee & Bronk (1952), and on rat ganglia by 
Horowiez & Larrabee, unpublished). Similar phenomena are well known in 
other tissues. There remains the question why glucose uptake is not also 
accelerated when ganglionic oxygen consumption is slowed by 2-hexanol. 
Perhaps this agent has a dual action, inhibiting glycolysis as well as oxidation. 

Although metabolic changes can undoubtedly be caused by anaesthetics in 


brain and ganglia, the relationships between these changes and the loss of 
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ability to initiate and conduct nerve impulses remain obscure. Various ways 
in which the metabolic disturbances might cause functional changes have been 
suggested, as a result of studies on the brain. These suggestions have included 
disturbance of energy production due to interference with oxidations 
(e.g. Quastel, 1952), excessive accumulation of intracellular hydrogen ions due 
to glycolytic production of lactic acid (Webb & Elliott, 1951), or inhibition of 
acetylcholine synthesis (McLennan & Elliott, 1951). However, it is by no 
means certain that any of these disturbances actually occur in intact neurones 
exposed to the minimal concentrations of anaesthetics required to impair 
function (Butler, 1950; Larrabee & Bronk, 1952). This is partly because the 
relevant metabolic measurements have usually been made on slices or homo- 
genates of brain tissue, under conditions in which it has not been possible to 
determine the effects of anaesthetics on neuronal activity. Measurement of 
neuronal response and metabolic change, either simultaneously or at least 
under similar conditions, is simpler in sympathetic ganglia than in brain. 

The experiments described in this paper have shown that disturbances in 
metabolism frequently accompany depression of transmission in rat ganglia. 
Thus progressively increasing changes in consumption of oxygen, or of glucose, 
or of both occurred as the concentrations of pentobarbitone, chlorbutol, and 
2-hexanol were raised through a range causing progressively increasing 
depression of the postganglionic response (Fig. 7). These findings are in 
contrast with earlier studies on rabbit ganglia, where changes in resting 
oxygen uptake were caused only at concentrations higher than those required 
to depress synaptic transmission (Larrabee et al. 1952). 

Although varied metabolic changes have thus been found to accompany 
functional depression caused by certain anaesthetics in rat ganglia, metabolic 
derangements are not necessarily the cause of the functional disturbances. 
For example, the postsynaptic response was slightly but consistently reduced 
by 0-5 mu-chlorbutol without change in uptake of either oxygen or glucose 
(Fig. 7). Dissociation of the functional and metabolic effects was even more 
striking in measurements of oxygen uptake in the presence of ether (Fig. 7). 
Moreover, the differences found between effects of different agents clearly 
indicate that the actions of all agents cannot be explained by any single 
metabolic effect, such as the poisoning of some particular enzyme. 

We are thus led to conclude that anaesthetics may modify neuronal pro- 
perties by action on a number of cellular mechanisms. The relative concen- 
trations at which these several mechanisms are disturbed vary between 
anaesthetic agents and between species of animals, as well as between neurones 
within a given species. With one anaesthetic, for example, synaptic trans- 
mission may be affected at lower concentrations than is oxygen consumption, 
while with another the two may be affected together. In the latter case 


impairment of oxygen uptake may or may not be the cause of depression of _ 
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function; in the former it clearly is not. It is therefore suggested that an 
anaesthetic can attack a variety of cellular mechanisms, each essential to 
maintaining the characteristic physiological functions of the cell, but that 
various circumstances determine which of these mechanisms is affected in 
lowest concentration. 

SUMMARY 

1. The effects of anaesthetics have been studied on resting rates of glucose 
and oxygen consumption and on axonal conduction and synaptic transmission 
in superior cervical ganglia excised from rats. 

2. The Keilin—-Hartree method for determination of piewoss, based on the 
enzyme glucose oxidase (notatin) was adapted for analysis of samples con- 
taining about 25 yg of glucose. 

3. Each of the anaesthetics studied depressed the postganglionic response. 

4. Within the range in which increasing concentration caused increasing 
depression of the postganglionic response evoked by stimulation of the pre- 
ganglionic nerve, the agents tested had the following effects: pentobarbitone 
increased the rates of glucose consumption and of lactic acid production 
and depressed oxygen consumption without depressing axonal conduction; 
chlorbutol increased the rate of glucose consumption and depressed 
oxygen consumption and axonal conduction; 2-hexanol depressed oxygen 
consumption and axonal conduction with a relatively small effect on glucose 
consumption; ethyl ether impaired axonal conduction without depressing 
oxygen consumption. 

5. It is concluded that anaesthetics do not have a single site of action on 
nerve metabolism.and function, and that there is no simple correlation between 
the observed metabolic and functional effects. | 


These investigations were assisted by a grant from the Supreme Council, Scottish Rite Masons, 
for research under the direction of D. W. Bronk. We are indebted to Dr K. L. Zierler for his 
valuable assistance and advice. The glucose oxidase was kindly supplied to us by Drs E. A. Doisey 
and P. A. Katzman of the St Louis University School of Medicine; the late Sir Jack Drummond 
of the Boots Pure Drug Co., Northampton; Mr Dan Broida, Sigma Chemical Co., St Louis; and 
Dr E. M. Weber of Charles Pfizer and Co., New York. Lactate analyses were generously done 
in the laboratory of Dr Leslie Hellerman by Mrs A. E. Iber. 
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THE EFFECT OF BODY POSTURE ON THE 
HAND BLOOD FLOW 


By P. BEACONSFIELD anp JEAN GINSBURG 
From the Sherrington School of Physiology, St Thomas’s Hospital, London 


(Received 16 May 1955) 


Alteration in posture from the supine to the erect normally involves a series of 
changes affecting many systems of the body (Hellebrandt & Franseen, 1943). 
The cardiovascular responses are twofold, a decreased venous return due to 
the direct effect of gravity on the circulating blood, and reflex vasoconstriction 
which operates against the effect: of gravity to maintain the blood pressure 
(Brigden, Howarth & Sharpey-Schafer, 1950; McMichael & Sharpey-Schafer, 


1944; Wald, Guernsey & Scott, 1937). Measurements of cerebral (Scheinberg & — 


Stead, 1949), hepatic (Culbertson, Wilkins, Ingelfinger & Bradley, 1951), renal 
(Kattus, Sinclair-Smith, Genest & Newman, 1949; White & Rolf, 1948), and 
forearm (Brigden et al. 1950) blood flow have shown that a decreased flow 
occurs in these areas when the upright posture is assumed. The present investi- 
gation was undertaken to determine the effect of passive change of body posture 
on the blood flow through the hand. The direct effect of gravity on the 
circulation through the hand was eliminated by maintaining it at the same 


level relative to the heart throughout the isa conc tilting being applied 


only to the body. 


METHODS 


Six normal subjects and six patients who had recently undergone a cervical sympathectomy were 
studied. Heat tests (Landis & Gibbon, 1933) were performed post-operatively and showed that 
the sympathectomy was complete in all cases. 

The experiments were performed in a room where the temperature was maintained at 22° C. 
The subject lay comfortably on a table which could be tilted rapidly from the horizontal to the 
vertical. He was astride a small bicycle-saddle type of seat, thus obviating the necessity of any 
active leg movements in the vertical position. After he had been placed on the table, with a 


_ blanket around his legs, his left arm was comfortably supported in a horizontal position at 90° 


to the body, the elbow being slightly flexed and the hand partially internally rotated. This 
position does not exercise any stretch on the blood vessels, and ensures a good venous return. 
Moreover, the hand is thus maintained at a constant level above the heart, whatever the position 
of the subject. The left hand was used in ten experiments and the right in the remaining three. 


Hand blood flows were measured by venous occlusion i tid (Barcroft & Swan, 1953), 
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the plethysmographs being filled with water kept at 32-33°C. After the subject had been lying 
on the table for 15 min, and had been tilted a number of times so as to become accustomed to 
the procedure, recordings were started. These were made at 30 sec intervals for 4 min in the 
horizontal position. The table was then tilted in 3 sec to an almost vertical position (80°), and 
readings taken immediately, at 15 sec intervals for the first 2 min, and at 30 sec intervals for the 
next 2 min. The table was then returned to the horizontal and recordings of the hand flow made 
for a further 4 min. This procedure was repeated three or four times during each experiment, 
and each subject was studied at least twice on different days. 

A control experiment was devised to investigate any vascular reactions which might result 
from the psychological effect of tilting. Recordings were made with thesubject hori 1, the table 
was then tilted vertically and immediately returned to the horizontal, when further readings 
were taken and continued for 4 min. 

In three subjects, the venous pressure in the veins on the back of the hand and in the ante- 
cubital fossa, was measured with either a saline or a capacitance manometer, during the process 


of tilting. 


RESULTS 


The results of forty-eight tilts from the horizontal to the vertical recorded in 
thirteen experiments on six subjects are shown in Table 1 and in Fig. 1. The 
mean flow before tilting was 12-9 ml. per 100 ml. tissue per min (Table 1, 
column H). One minute after the table had been tilted to the vertical, there 
was a fall in flow to a mean of 7-5 ml./100 ml./min (Table 1, column V,). After 
this, a rise in flow occurred over the next 3 min, to a mean value of 10-5 ml./ 
100 ml./min (Table 1, column V,). 


The effect of tilting the body from the vertical to the horizontal was tested 


forty-four times in twelve experiments on the six subjects. Table 2 and Fig. 2 
show that the mean flow in the vertical position was 10-9 ml./100 ml./min 
(Table 2, column V). One minute after returning to the horizontal the flow 
increased to a mean of 15-0 ml./100 ml./min (Table 2, column H,), and then it 
decreased, with a final value of 11-5 ml./100 ml./min (Table 2, H,). 

The results in sympathetomized limbs were very different (Fig. 3). The mean 
blood flow of 4-4 ml. recorded in the horizontal position was practically un- 
changed immediately after tilting to the vertical. Subsequently within 2-3 min, 


a slight decrease in blood flow occurred. This level was then maintained until _ 


the patient was tilted back to the supine, when the blood flow reached the 
original pre-tilting level. 

In the control experiment (Fig. 4), tilting from the horizontal to the vertical, 
and immediately back to the horizontal position caused no significant change 
in hand flow, in the adapted subject. The venous pressure tracings showed 
little change on tilting: the collecting emis used ie 0 mm Hg) were 
therefore adequate. 
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TasLe 1. Effect of tilting the body from the horizontal to the vertical on the hand blood flow 
(ml./100 ml. tissue/min) of six normal subjects | 


Expt.no, Side H H-V, H-V, 
1 L 13-9 73 14-6 6-6 — 0-7 
2 L 15-0 6-4 11-7 8-6 33 
3 L 9-1 3-6 5-4 5-5 3-7 
4 11-2 8-1 9-9 3-0 1-2 
5 R 9-2 3-7 7-2 5-5 20 
6 L 15-4 8-4 13-3 7-0 2-1 
7 L 17-5 14-7 16-7 2-8 0-8 
8 L 9-9 6-4 75 3-5 2-4 
9 L 11-4 8-4 15-5 3-0 —0-9 
10 L 20-3 16-5 14:8 3-8 5-5 
ll R 76 3-8 5-0 3-8 a 
12 L 14-6 5:7 79 8-9 6-7 
13 R 13-1 4-9 6-9 8-2 6-2 
Mean value 12-9 75 10-5 5-4 2-68 


8.E.=0°63 =0-66 
t=8-6 t=4-1] 
H, average hand blood flow in the horizontal position for the 3 min immediately before tilting : 
upright. V,, average hand blood flow recorded 10-60 sec after tilting upright. V,, average | : 
hand blood flow recorded. 1-4 min after tilting upright. H — V,, difference between mean flows | 
in horizontal and early vertical phase. H — V,, difference between mean flows in horizontal and 


late vertical phase. ; 
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Fig. 1. Effect of tilting the body from the horizontal to the vertical in normal subjects. 
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Taste 2, Effect of tilting the body from the vertical to the horizontal on the hand blood flow 
(ml./100 ml. tissue/min) of six normal subjects 


Expt.no, Side V H, 
L 11-7 17-1 

2 L 5-4 8-9 

3 L 10-1 14-2 

4 R 7:2 12-6 

5 L 13-3 14-5 

L 14-6 15-0 
7 L 16-7 21-6 

8 L 7-2 11-0 

9 L 18-5 23-3 
10 L 14-8 22-1 
11 R 5-0 6-9 
12 R 6-7 13:1 
Mean value 10-9 15-0 


A, 


s.z.=0-74 


t=6-84 


t=0-83 


V, average hand blood flow in the vertical position for the 3 min immediately before returning 
to the horizontal. H,, average hand blood flow recorded 10-60 sec after returning to the hori- 
zontal, H,, average hand blood flow recorded 1-4 min after returning to the horizontal. H,-V, 
difference between mean flows in vertical and early horizontal phase. H, ~- V, difference between 


mean flows in vertical and late horizontal phase. 
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Fig. 2. Effect of tilting the body from the vertical to the horizontal in normal subjects. 


q H,-V H,-V 
4 14-9 5-4 3-2 
4 8-0 3-5 2-6 
6-5 5-4 ~0°7 
4 14:7 1-2 1-4 
12-2 0-4 ~ 24 
4 14-7 4-9 2-0 
3 10-1 3-8 2-9 
15-9 4-8 — 26 
20-0 7:3 5-2 
4:8 1-9 0-2 
48 6-4 -1-9 
4 11-5 4-09 0-6 
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Fig. 3. ee 
in recently sympathectomized subjects. 
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Fig. 4. Effect of tilting the body from the horizontal to the vertical and back again 
to the horizontal, in normal subjects. 
DISCUSSION 


Analysis of the results has been simplified by dividing the reaction to tilting 
into an immediate phase and a late phase. The immediate phase comprises 
the first 10-60 sec after the change in position, and the late one the succeeding 
3 min, Our results show clearly that the immediate response of the circulation 
in the hand, maintained in an unchanged horizontal position, whilst the body 
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is tilted from the horizontal to the vertical, is a marked vasoconstriction, of 
short duration. This vasoconstriction is of nervous origin and is absent in the 
recently sympathectomized limb (Fig. 3). 

The control experiments (Fig. 4) show that the vasoconstriction is a true 
response to passive change of body posture (at least in the subject adapted to 
the conditions of our experiments), and not a general response to sensory 
stimulation of a similar nature to that observed following a loud noise, the 
application of ice to the skin, mental arithmetic, etc. Further evidence for 
this is suggested by the changes observed on tilting from the vertical to the 
horizontal position. One would expect the psychological effect of tilting, if 
important as a factor in our experiments, to operate similarly when the subject 
was moved from the vertical to the horizontal, and thus cause, at least in the 
immediate phase, a vasoconstriction. Table 2 and Fig. 2 show that this is not 
so, a definite vasodilation occurring in all our normal subjects. 

As shown in Table 1 the initial vasoconstriction is not maintained and during 
the late vertical phase, a rise in blood flow occurs, to a level only slightly less 
than that observed with the body horizontal. The difference between the mean 
values in the horizontal and late vertical phases is still statistically significant 
(t=4-1). The sympathectomized hand in the late phase, shows a similar 
decrease in flow (a mean of 3-5 ml./100 ml./min compared with the mean of 
4-4 in the horizontal). It would appear, therefore, that the decreased flow 
which is observed in the late vertical phase, and which occurs in both 
normal and sympathectomized limbs, is not of nervous origin, but may be 
a mechanical effect, resulting either from the decreased pulse pressure 
in the vertical position, or possibly from a slight alteration in hydrostatic 
pressure. 

One might therefore conclude, that, in the long run, the vessels of the hand 
do not participate in the vasoconstriction which maintains the blood pressure 
in the vertical position. We would like to point out, however, that these 
results, although constant and clearcut, refer to changes in hand blood flow 
occurring in strictly defined conditions, and in subjects thoroughly used to the 
procedures involved. The applicability of these results to more normal condi- 
tions, must, therefore, be accepted with certain reservations. Normally the 
erect posture is not achieved by passive movement: muscular activity is 
considerable, sensory stimulation may be marked, and the position of the hand 
frequently altered. These factors will undoubtedly alter the circulation through 
the hand and may prolong and reinforce the vasoconstriction which we have 
demonstrated occurs in the completely passive subject. 

The reflex nature of the early vasoconstriction, and its dependence on an 
intact sympathetic system is established: the exact afferent and efferent 
pathways are however not clear. In the late phase, the carotid sinus, which in 


animals was thought to be vital for the maintenance of the circulation during 
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postural change (Heymans, Bouckaert & Dautrebande, 1931) would not appear 
to exert a significant influence on the blood vessels of the hand in the conditions 
of our experiments. 

SUMMARY 

1. The reaction of the circulation in the hand to a passive change in body 
posture has been studied in normal and sympathectomized subjects by means 
of venous occlusion plethysmography. 

2. The immediate response of the circulation in the hand (maintained in an 
unchanged horizontal position) to a change in body posture from the horizontal 
to the vertical is a vasoconstriction of short duration which is absent in a the 
recently sympathectomized limb. . 

3. The immediate vasoconstriction is followed by a rise in flow to a mean 
level only slightly less than that recorded in the horizontal position. 


The authors have pleasure in expressing their indebtedness to Prof. H. Barcroft for his constant 
encouragement and advice, to Prof. E. P. Sharpey-Schafer for the loan of apparatus, and to Miss 
Harrill of the Physiotherapy School of St Thomas’s Hospital for assistance in providing subjects. 
Prof. C. G. Rob and Prof. I, Aird very kindly allowed us to study their patients. Mr G. T. Hales 
gave efficient technical assistance. 
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THE RESPIRATORY DISPLACEMENT OF THE LARYNX: 
A STUDY OF THE INNERVATION OF ACCESSORY 
RESPIRATORY MUSCLES 


By B. L. ANDREW 


From the Department of Physiology, Queen’s College, Dundee, 
University of St Andrews 


(Received 23 May 1955) 


The human larynx moves very little in the long axis of the body when the 
subject makes a maximal inspiration. This has been shown by Mitchinson & 
Yoffey (1947) who found, by means of X-ray photography, that there was no 
perceptible movement in fourteen out of twenty-three subjects. Of the 
remainder, five subjects showed small elevations and four small descents of 
the larynx; the maximum movement being } in. 

The lower end of the trachea tends to descend during inspiration. Macklin 
(1925) observed from X-ray photographs that the carina descended in a human 
subject by 2 cm during a maximal inspiration, this movement being produced 
by the increase in tension in the elastic fibres of the bronchii as the lungs filled 
the expanding space of the thorax, and also by the pull due to the downward 


movement of the diaphragm being transmitted through the heart and aorta — 


to the lung roots. 

To explain the facts that the trachea is moved at its lower end but that this 
movement is not transmitted to the larynx, Mitchinson & Yoffey (1947) 
suggested that the supra-hyoid muscles, as well as the stylopharyngeus and 
thyrohyoid, contract to produce a force to balance the tension developed in 
the trachea. As these muscles are relatively inaccessible for electromyographic 
examination in the human subject, it was decided to explore the postural 
adjustments which take place in anaesthetized experimental animals. Prelimi- 
nary observations showed that in the anaesthetized rat and rabbit the position 
of the thyroid cartilage is nearly steady throughout the respiratory cycle, even 
though tensions are obviously produced in the trachea during inspiration, as 
may be judged by the rhythmic separation of the tracheal cartilages and the 
stretching of the cricothyroid ligament. It was therefore decided to examine, 


in addition to the motor outflow to the muscles acting on the larynx, the 
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sources of sensory nerve impulses signalling the position of the larynx, interest 
being particularly centred on the possibility of demonstrating a reflex control 
of the position of the thyroid cartilage. 


METHODS 


The experiments were performed on forty-five rats. Anaesthesia was induced with trichloro- 
ethylene vapour and maintained by intraperitoneal injection of 25% urethane solution (w/v), 
5 ml/kg body weight. 

Electrodes, The muscle action potentials were picked up with bipolar copper wire electrodes 
inserted into the muscle. The wires were enamel insulated, except at the cut ends and the tips 
were separated by a fraction of a millimeter. The wires (diameter 0-07 mm) were wound as a 
helical spring between the muscle and the input terminals of the amplifier. This arrangement 
permitted contraction of the muscle fibres to occur without a shift of electrode position and 
consequent change of action potential size. In early experiments concentric needle and glass 
pipette electrodes were used, but these proved to be insufficiently compliant. The electrodes were 
isolated from the control grids of the input valves by 0-001 pF polystyrene dielectric condensers. 
Nerve action potentials were picked up with silver wire electrodes, which were bound with a 
single layer of silk wound spirally to maintain a layer of Locke’s solution on the surface of the wire. 

Recording. The electrodes were connected to conventional capacity-coupled amplifiers and 
thence to cathode-ray oscillographs and loudspeaker. The action potentials were recorded on 
moving bromide paper. In those experiments in which movements of the thyroid cartilage or 
respiratory movements of the sternum were recorded, a stylus was employed to transmit the 
movements to a piezoelectric crystal. The voltages developed by the crystal were fed into a 


cathode-follower stage. The cathode-follower output after a single stage of d.c. amplification was _ 


applied directly to a deflector plate of one of the two beams of the recording cathode-ray oscillo- 
graph. The overall time constant of the movement recorder was 7 sec. 


RESULTS 
The motor outflow to muscles acting on the larynx | 
The electrical activity in fifteen muscles was examined. These muscles acted 
directly or indirectly on the thyroid cartilage. The list of muscles and the 
activity detected is shown in Table 1. It will be seen that functionally the 
muscles fall into two groups. The members of the first group are either inactive 
or maintain a steady level of tone throughout the respiratory cycle. The 
muscles of the second group perform a phasic contraction during inspiration 
or display continuous activity which rises to a maximum during inspiration. 
The results refer to quiet breathing with the trachea closed, i.e. the tidal air 
taking the normal route through the nasopharynx. No muscles were found 
that were maximally active during expiration. The features of motor neurone 
discharges to the muscles of the second group were similar to those described 
by Adrian & Bronk (1928), Bronk & Ferguson (1935) and Gesell, Magee & 
_ Bricker (1940) for the phrenic and intercostal motor neurones to the extent 
that during quiet breathing only a fraction of the motor units were active and 
the activity in most of these consisted of a short train of impulses, the 
frequency rising as inspiration proceeded and ceasing abruptly at or before 
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expiration. During more vigorous breathing additional units were recruited 


and a fraction of them no longer discharged phasically but ap ctcnige with 
an increase in frequency during inspiration. 


Taste 1. Activity in muscles acting, directly or indirectly, on the thyroid cartilage 


Muscle Electromyogram Muscle _ Electromyogram 
Infra-hyoid group Supr group 
ternothyroi ctive during i n ylohyoi ive 
Thyrohyoid Inactive : Mylohyoid Inactive 
Omohyoid Inactive Geniohyoid Inactive | 
Tr. mandibular _ Inactive 
Tongue group | Others 
Hyoglossus Inactive or steady activity Stylopharyngeus — during inspira- 
Genioglossus § Max. activity during Epiglottic Active during 
inspiration inspiration 
Styloglossus Active during inspiration Cricothyroid Active during 
3 inspiration 


Ventral 

Fig. 1, A diagram showing the pattern of forces acting on the larynx of the rat during inspiration. 
The arrow (a) indicates the tension in the trachea and the other arrows indicate the tensions 
produced by the active muscles, namely (b) sternothyroid, (c) cricothyroid, (d) styloglossus, 
(e) genioglossus, (f) stylopharyngeus. Other structures indicated are (g) cricoid cartilage, 
(h) thyroid cartilage, (i) epiglottis, (j) tongue, () mouth, (J) soft palate, 


Features of the discharge to individual muscles 

The actiity of the genioglossus and epiglottic muscles. The genioglossus 
muscle, even during quiet breathing, displayed considerable activity, and 
many of the motor units discharged continuously throughout the respiratory 
cycle with an increase in frequency during inspiration. During eupncca 
continuously discharging units increased their frequency from the range 
15-35 impulses/sec during expiration to the range 40-60 impulses/sec during 
inspiration, Phasic units discharged 25-40 impulses/sec during inspiration. 
These frequencies refer to impulses counted in }sec. Higher frequencies 
occurred during hyperpnoea and dyspnoea. The epiglottic muscle behaved 
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similarly, and features of its action have been described elsewhere (Andrew, 
1954). The respiratory activity of both muscles depended .on the continuity of 
fibres in the hypoglossal nerve. 

The respiratory activity of the cricothyroid muscle. The function of the crico- 
thyroid has been debated at length in the literature; an account of the con- 
troversy is given by Tschiassny (1944). In the present experiments only the 
respiratory activity of the muscle is considered. The activity of the muscle is 
best demonstrated by the electromyograph since changes in the separation 
between the cricoid and thyroid cartilages are no guide to the activity of the 
muscle as they may be imposed on the muscle by changes in the tension in the 
axis of the trachea, indeed the muscle becomes active at the time when the 
tracheal tension is at a maximum. In all those animals in which this muscle 
was examined, the activity rose to a maximum during inspiration. During 
eupnoea only a few units were active, and most of these discharged phasically 
with a pause during expiration. Discharge frequencies of single units operating 
phasically were between 8 and 40 impulses/sec; when the animal was connected 
to a rebreathing bag to produce progressive hyperpnoea, additional units were 
recruited. In the rat the respiratory activity in this muscle depended on 
continuity of motor fibres in the superior laryngeal nerve. In other animals — 
the motor fibres may be derived partly from a nerve from the pharyngeal 
plexus as in the cat (Hunt & Kuffler, 1954) and rabbit (Exner, 1885; Feindel, 
Hinshaw & Weddell, 1952); in the dog there is some variation; Lemere (1932) 
reported that a median nerve containing the motor fibres to the cricothyroid 
was present in half his animals, otherwise the superior indian nerve 
contained the motor innervation. 

The respiratory activity in the sternothyroid muscle. In ssaity all animals this 
muscle showed slight activity during inspiration during eupnoea. In some 
cases exploration of the muscle with a mobile electrode indicated that only a 
single motor unit was active. In those animals in which the muscle was 
quiescent during eupnoea, activity could be aroused by slight respiratory 
stimulation. During hyperpnoea and dyspnoea the muscle contracted 
vigorously during inspiration. Fig. 3 sta activity at two levels of respiratory 


activity. 
The sensory inflow from the region of the laryne. 

At least three structures contain slowly adapting endings which signal the 
position of the thyroid cartilage. These are the sternothyroid and thyrohyoid 
muscles, which contain proprioceptors, and the thyroepiglottic joint, which 
contains joint proprioceptors. Proprioceptors were not found in the crico- 
thyroid muscle when recordings were made from the peripheral end of the 
external laryngeal nerve. Since this nerve is very slender in the rat, containing 
«bout forty myelinated fibres larger than 4,., recording conditions were thus 
so favourable that it was unlikely the muscle afferents would be undetected. 
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Sherrington (1897) did not find histological evidence of spindles in the 
intrinsic laryngeal muscles. 


A 


sec 


Fig. 2. Electromyograms of: A, sternothyroid; B, cricothyroid; C, genioglossus muscles. The 


respiratory cycle is indicated by the upper line in each record. Descent of the line indicates 


| 


Fig. 3. A, electromyogram of a single motor unit in the sternothyroid muscle during eupnoea. 
The upper signal line indicates respiration, descent signals inspiration (elevation of the 
stimulated by partial obstruction of the nostrils. 


Sensory impulses from the sternothyroid muscle. Recordings from the peri- 
pheral ends of the small twigs entering the belly of the muscle indicated that 
there were several low-threshold tension recorders connected to large medul- 
lated fibres in the muscle. By probe tests and localized stretch stimulation 
these were located in the belly of the muscle. Histological examination of 
three muscles revealed at least one, and probably more, spindles in each 
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muscle. It was seldom possible to record from these endings without inter- 
rupting the motor fibres to the muscle, and Fig. 4 shows the outflow from the 
endings in a denervated muscle, i.e. uncomplicated by the effects of activity 
in y efferents. It will be seen that the muscle is slightly stretched during 
inspiration. By taking simultaneous recordings from stretch receptors of the 
ipsilateral muscle and the electromyogram of the contralateral muscle, it was 
found that the contraction occurs during the phase when external stretch) 18 
imposed on the muscle. 

Sensory impulses from the thyrohyoid muscle. Several low-threshold tension 
receptors are present in this muscle. Baum (1900) failed to find spindles by 
_ histological methods in this muscle in the rabbit. Recordings from these 
endings (see Fig. 4) indicated that the muscle is stretched during inspiration, 
i.e. that the hyoid is elevated slightly more than the thyroid cartilage, which is 


Fig. 4. Nerve action potentials from sensory endings in muscles acting on the thyroid cartilage. 
A, upper record, sensory impulses in a nerve twig from the thyrohyoid muscle. The lower 
record is an electromyogram of the cricothyroid muscle and is included to indicate the 
respiratory cycle (the muscle contracts during inspiration), B, upper record, is a respiration 
indicator on the sternum, descent indicates inspiration. B, lower record, sensory nerve 
impulses from four endings in the sternothyroid muscle. A and B were not recorded 
simultaneously. 


consonant with the idea that a fraction of the elevator tension is transmitted 
through the muscle. Probe tests showed that the stretch endings lay amongst 
the muscle fibres, No respiratory activity was ever detected in this muscle 
though it clearly assisted in the elevation of the thyroid cartilage during 
swallowing movements. 

Sensory impulses from the thyroepiglottic joint. The properties of the joint 
receptors have been described elsewhere (Andrew, 1954). As the epiglottis is 
normally held against the soft palate by the action of the epiglottic muscle, 
elevation of the thyroid cartilage is accompanied by flexion of the thyro- 
epiglottic joint. This movement produces changes in the discharge frequencies 
of the joint proprioceptors. 
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The effect of denervation of the elevator muscles on the 
respiratory displacement of the larynx 


Direct inspection of the larynx and trachea revealed that during eupnoea, 


hyperpnoea and dyspnoea the respiratory displacement of the thyroid 
cartilage was small. In the rat the excursion varied between 0-05 and 0-15 mm. 
The lower end of the trachea made rhythmic descents and the thyroid carti- 
lage and hyoid bone usually made ascents during the inspiratory phase of 
respiration. Although the results in the preceding sections indicated that the 
_ genioglossus, styloglossus and stylopharyngeus contract to produce a counter- 


force to the tracheal tension and sternothyroid muscle contraction it was 


clearly necessary to discover experimentally what contribution the counter- 


Fig. 5. Recordings from an experiment to show the effect of denervation of the styloglossus and 


genioglossus muscles on the respiratory displacement of the larynx. In each record the 
upper line signals displacement of the thyroid cartilage, descent of the line indicates descent 


of the cartilage. The lower line is an electromyogram from a part of the intercostal muscles _ 


active during inspiration. The electrocardiogram (distorted QRS only) has broken through 

into this record. A, eupnoea, normal innervation. B, hyperpnoea, normal innervation. 

C, hyperpnoea, genioglossus and styloglossus muscles denervated on both sides. 
force makes to laryngeal equilibrium. Simultaneous recordings were therefore 
made of the excursion of the thyroid cartilage and the electromyogram of a 
respiratory muscle; so that the displacements could be related to the respira- 
tory cycle. The displacements were recorded over a wide range of respiratory 
activity. This range was produced by partial obstruction of the nostrils of the 
animal, and it will be seen in Fig. 5 that the equilibrium of forces acting on the 
larynx was well maintained. Both hypoglossal nerves were then cut in order 
to paralyse the genioglossus and styloglossus muscles, The stylopharyngeal 
and cricothyroid muscles were not denervated. The laryngeal displacements 
were then recorded over the same range of respiratory activity. After denerva- 
tion the excursion of the thyroid cartilage was unaltered during eupnoea but 
during vigorous breathing the larynx descended with each inspiration as seen 
in Fig. 5. This descent was produced by the combined action of the tracheal 
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tension and the contraction of the sternothyroid muscles. When the sterno- 
thyroid muscles were detached on both sides the descent during inspiration 
still occurred but was less marked; similarly, if the trachea was detached from 
the cricoid the action of the sternothyroids produced descents during inspira- 
tion. These results indicate that the force produced by the elevator muscles is 
unimportant for laryngeal equilibrium during eupnoea but serves to stabilize 

the larynx during vigorous breathing. | 


Experiments designed to reveal a reflex control of laryngeal position 

Reflex effects in the sternothyroid muscles. The force of contraction of this 
muscle depends primarily on the activity of the respiratory centre (see Fig. 3), 
but it is possible to demonstrate that its activity may be modified by changes 
in length imposed on the muscle. Experiments designed to demonstrate this 
effect were unsatisfactory until electrodes were used of such light weight and 
compliance that the tips did not move appreciably during an active contraction 
with or without an externally imposed stretch or relaxation. It was found that 
elevation of the larynx raised the excitability of the motor neurones and could 
convert a phasic inspiratory discharge into a continuous discharge with a 
maximum during inspiration; Fig. 6 gives an example of this effect. The effect 
was transient, and if a steady elevation was produced the increase in excit- 
ability declined over the following seconds. A transient complete inhibition of 
the motor neurones could be produced by depression of the thyroid cartilage. 
This occurred when the thyroid cartilage was depressed manually after section 
of the hypoglossal and superior laryngeal nerves on both sides. The inhibition 
seldom lasted more than 1 sec and thus usually suppressed the activity during — 
the succeeding inspiration only (see Fig. 7); the next discharge during the 
following inspiration was usually a particularly vigorous one. However, in 
contrast to this, if after detachment of the trachea from the cricoid and 
paralysis of the elevators hyperpnoea was produced in the animal, depression 
of the larynx during inspiration was produced by the action of the sterno- 
thyroids alone, indicating that although the inhibitory effect occurs when the 
muscle is shortened by external forces it does not occur when the muscle 
shortens by its own action during hyperpnoea. If the muscle was detached 
from the thyroid cartilage action potentials occurred as usual in the muscle. 

It was clearly desirable to sample the sensory outflow from the muscle 
without interrupting more than a small number of motor fibres. In most 
preparations this was impossible as the nerve supply did not break up into ~ 
smaller twigs at such a distance from the muscle that a single filament of 
adequate length could be detached for recording purposes. Furthermore, when 
the anatomical arrangement was favourable, a guess had to be made as to 
which twig contained sensory fibres; if the first guess was incorrect, no second 
chance was possible as it was necessary to section the twig to record from it. 
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In only two experiments was the anatomical arrangement favourable and the 
first guess correct. These preparations revealed a high frequency discharge 
from stretch sensitive endings (50-85 impulses/sec) connected to large fibres. 
The frequency of the discharge rose slightly during inspiration, the frequency 
change was not obvious from inspection of the photographic records but 
could be detected by ear from the loudspeaker. Some of the endings were of 
such low threshold that they discharged after the muscle had been detached 


0-2 sec 


Fig. 6. Electromyograms of two motor units in the sternothyroid muscle. A shows the normal 
activity of two phasically discharging motor units. B shows the effect of elevating, at a point 
_ half-way along the record, the thyroid cartilage thus stretching the muscle. The stretch was 
maintained. Note that although the phasic discharge has been converted into a continuous 

one by this proceeding, it shows acceleration during the next inspiration. 


B 
0-2 sec 


Fig. 7. Electromyograms of two motor units in the sternothyroid muscle are shown on the lower 
part of each record. The upper signal line indicates the position of the thyroid cartilage in 
each record. A, normal record. B, the thyroid cartilage was dep d lly thus removing 
the normal stretch on the muscle, and reflexly inhibiting the motor neurones. 


from the thyroid cartilage. Recordings from the completely denervated 
muscle, in which the frequency of discharge was determined by muscle length 
alone and uninfluenced by y efferent discharge as has been already described 
earlier, indicated that the muscle was stretched during inspiration so the 
possibility had to be considered that the contraction or increase in « motor 
neurone outflow was produced reflexly by the increase in afferent discharge 
from the spindles. The fact that the muscle continued to contract rhythmically 
after it had been detached from the thyroid cartilage was not conclusive as 
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changes in spindle discharge were still possible in detached muscle as the 
result of y efferent activity; Eldred, Granit & Merton (1953) have reported 
spindle discharge acceleration during contraction when a muscle was detached 
and allowed to shorten without load. The conclusive experiment was per- 
formed when the sternothyroid muscle was excised completely on both sides 
and the superior laryngeal and thyrohyoid nerves cut on both sides. When 
the central stumps of the nerves which had been connected to the sterno- 
thyroid muscles were put on the electrodes the usual motor discharge in large 
fibres was detected and this discharge responded normally to dyspnoea. It was 
concluded that the motor neurones serving this muscle were driven primarily 
by the respiratory centre and able to function normally without sensory 
feed-back from the muscle. 

The genioglossus muscle was examined in the following way. After the 
trachea and sternothyroid muscles had been detached (the larynx as a whole 
was elevated by this proceeding) electrodes were inserted into the muscle. 
The rhythmic motor activity of the muscle continued and its magnitude 
followed the level of activity of the respiratory centre. This result was interesting 
since the larynx was elevated and almost motionless and, if the muscle had been 
controlled by sensory information signalling laryngeal position alone and 
operated to restore equilibrium, it should have been inhibited. 


DISCUSSION 


_ The electromyographic results confirm the prediction of Mitchinson & Yoffey 


(1947) that the stability of the larynx during inspiration is due to the contrac- 
tion of the elevators, and in addition indicate that in the anaesthetized rat 
the active elevator muscles are the styloglossus, genioglossus and stylo- 
pharyngeus. It is of particular interest that these workers remarked that their 
X-ray photographs showed an unexpected forward movement of the base of 
the-tongue (averaging # in.) which they attributed to the contraction during 
inspiration of the genioglossus and geniohyoid muscles. Caution must be 


exercised in any direct comparison since, of course, the orientation of the 


thyroid cartilage with respect to the mandible is so different in man and rat, 
but it seems reasonable to suppose that the styloglossus is the more direct 
antagonist of the tracheal tension in man and the genioglossus in the rat. The 
respiratory activity of the cricothyroid muscle is, presumably, to oppose 


_ Totation of the thyroid cartilage at the cricothyroid joint with consequent 


narrowing of the glottic aperture during inspiration. 
The second part of the problem, namely ‘How is equilibrium maintained?’ 
has not yielded so satisfactory an answer, since although proprioceptive inflow 


from the region was shown to exist, this clearly did not have a domina- 


ting influence on the motor neurones. The observation that equilibrium is 


‘ maintained by the elevators over the range of respiratory activity, with its 
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concomitant range of forces tending to depress the larynx, is regarded as 
evidence of a central purposeful mechanism. The continued activity of the 
elevators after detachment of the trachea and sternothyroids and the great 
increase in activity when dyspnoea was produced indicates that the control 
of the elevator motor neurones is not determined by the position or movement 
of the larynx but by the respiratory centre. As a tentative explanation it is 
proposed that equilibrium is determined centrally with little reference to 
sensory feed-back. 

The respiratory activity in the sternothyroid during quiet breathing was 
unexpected, and it was of importance to plan experiments which would 
indicate whether the contraction is part of a balancing mechanism or whether 
it serves to raise the sternum, as does the sternomastoid in severe dyspnoea. 
The observation that transient excitation or inhibition of the motor neurones 
could be produced by elevation or depression of the larynx was equivocal as 
this would be a useful feature in either case. The transient quality of the reflex 
effects fits them best for a rapidly operating reflex such as swallowing. The 
fact that in hyperpnoea, after denervation of the elevators and removal of the 
influence of tracheal tension, the muscle shortened and depressed the larynx 
without self-generated inhibition seemed good evidence in favour of the 
sternum-lifting function of the muscle, since in the conditions of this experi- 
ment the larynx was quite stable apart from the action of the sternothyroid 
muscles and was displaced solely by their action. The observation that the 
muscle shortened without inhibition suggests that this is purposeful; the 
centre, presumably does not differentiate between shortening produced by 
descent of the larynx or ascent of the sternum but only between shortening 
produced by the muscle and shortening imposed on the muscle by external 
forces. 

As the sternothyroid muscle acts as an antagonist to the genioglossus muscle 
the results were considered in the light of the conclusions of Laporte & Lloyd 
(1952) who found that impulses from tendon endings of protagonist muscles 
were excitatory through a disynaptic pathway to the motor neurones of the 
antagonist muscles. MacDougall & Andrew (1953) reported on the electro- 
myogram of the masseter and temporalis muscles in the human subject during 
mouth opening movements. They found that these antagonists were reflexly 
excited at the end of the maximal mouth opening movement at the stage when 
the tendon endings of the mouth opening muscles would be active. In a rather 
similar situation Mills (1950) reported activity in abdominal muscles during 
the terminal part of maximal inspiratory efforts. However, when it was found 
that the activity in the sternothyroid muscle persisted, after denervation of 
the genioglossus and styloglossus, this consideration was ruled out. 

Features of the activity in the sternothyroid muscle have some relevance to 
the ‘servo-control’ theory of movement (Merton, 1953; Eldred et al. 1953). 
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This theory is necessarily limited to muscles containing spindles, so riovement 
in muscles without spindles, the tongue, laryngeal, facial, and middle-ear, is 
governed by « efferents alone. Some caution is necessary in deciding which 
muscles do not contain spindles as the list has been shortening throughout the 
twentieth century (Hinsey, 1934; Tiegs, 1953): and the recent observation of 
Cooper & Fillenz (1955) and Fillenz (1955) that the extra-ocular muscles of the 
cat contain a low-threshold stretch receptor whose pattern of response is very 
like that of a muscle spindle, even though histological examination of the 
muscle does not reveal any anatomically recognizable spindles, may cause the 
list to be reduced further. Restriction of the application of the theory within 
the spindle-containing group is necessary and the authors of the theory have 
suggested (Eldred et al. 1953) that ‘for rapidly starting movement descending 
pathways converging directly on the main « motor neurones are also to be 
expected, and indeed are known to exist from many classical experiments on 
de-afferented limbs’. As the tensions in the sternothyroid muscle develop 
fairly slowly during respiratory activity it was considered that this muscle 
action might come within the compass of the theory, although Stella (1938) 
has shown that the dorsal roots serving the diaphragm in the cat may be 
severed without an effect on respiration and even after section of all the dorsal 
roots from C1 to Th 11 inclusive, costal and diaphragmatic movements con- 


tinue, though the costal movements are somewhat weakened and less smooth ~ 


than usual. The present experiments in which both sternothyroid muscles were 
excised, and thus all autogenetic proprioceptive information was eliminated 
but without any consequent effect on the activity of the « motor neurones, 
dispelled the possibility that the y efferent and spindle afferent formed an 
essential part of the nervous mechanism producing movement in these muscles. 

It is of interest that it has been possible to show a proprioceptive outflow 
from the thyrohyoid and sternothyroid muscles and stretch reflex effects, 
albeit poorly sustained, in the latter since on the basis of the fibre size spectrum 
of the muscle nerves in the rabbit, Fernand & Young (1951) have classed these 
muscles as served by unimodal nerves and containing few or no proprioceptors. 
These muscles contain so few motor units that quantitative study of the ratio 
of spindle afferents to motor units is possible. It is hoped that the rat sterno- 
thyroid may prove to be a useful preparation for the study of muscle action 
since it is accessible, and in continuous action in the anaesthetized animal and 
the vigour of the action may be altered through alterations in the activity of 
the respiratory centre. 

; SUMMARY 

1. The electrical activity in fifteen muscles acting directly or indirectly on 
the larynx of the anaesthetized rat was examined. A group comprising the 
sternothyroid, cricothyroid, genioglossus, epiglottic, styloglossus and stylo- 
pharyngeus was found to be active during inspiration. 
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2. The position of the larynx in the intact animal remained fixed over 
a wide range of respiratory activity, but if the genioglossus and styloglossus 
muscles were denervated the larynx descended with each inspiration during 
dyspnoea and hyperpnoea. This movement was due partly to the tension 
developed in the trachea during inspiration and partly to the contraction of 
the sternothyroid muscles. 

3. A search was made for evidence of a reflex control of laryngecl equili- 
brium, but although sensory sources were demonstrated it appeared that the 
balance between the forces acting on the larynx was struck centrally with little 
or no reference to sensory information. 


[wish to thank Prof, GQ. H. Bell for his interest in this work. 
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THE EFFECT OF PREVIOUS STIMULATION ON THE 
ACTIVE STATE OF MUSCLE 


By J. M. RITCHIE anv D. R. WILKIE 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 
and the Department of Physiology, University College London 


(Received 18 June 1955) 


Recently one of us (Ritchie, 19545) has described a method for determining the 
intensity of activity in a muscle at any instant after a single stimulus. The 
intensity of activity (or ‘of the active state’) is defined as the tension which the 
contractile component of the muscle would exert if it were neither lengthening 
nor shortening. However, the contractile component is seldom in this condi- 
tion, for even when the ends of a muscle are fixed, as in ordinary isometric 
recording, onecannot prevent the contractile component from altering in length; 
as the tension changes, the length of the series elastic component also changes. 
Only when the rate of change of tension is zero—for example at the peak of an 
isometric twitch—are both the elastic component and the contractile com- 
ponent at unchanging length. In this situation, therefore, the peak tension 
exerted by the whole muscle must be equal to the intensity of activity as 
defined above. 

This reasoning forms the basis of the method for determining the intensity 
of activity. A frog’s muscle is arranged to be stretched 3-5 mm beyond the 
final length at which the measurements are to be made. A single maximal 


shock causes it to contract isometrically; then, at a pre-set moment, the 


muscle is released, its tension falls to zero, and the redevelopment of tension 
at the final length is recorded. This redevelopment of tension corresponds to 
the quick-release phenomenon of Gasser & Hill (1924). The release allows the 
undamped elastic component to revert suddenly to its unstretched condition. 
The contractile component responds instantly to the fall in tension, but it can 
only shorten at a limited rate, so the redevelopment of tension is corre- 
spondingly slow. No change appears to be produced in the contractile com- 
ponent as a direct result of the release (Hill, 1953). There is no sign of any 
change in intrinsic properties corresponding to that found by Pringle (1954) 
on sudden release of a cicada muscle. 
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The quick-release phenomenon following a single shock is of importance for 
our purpose, in that by varying the moment (and/or the amount) of release, 
it is possible to record a set of tension curves whose peaks lie at different 
tensions. The line joining the peaks of these records traces out the active state 
curve. 

So far the active state curve has only been determined using single stimuli. 
In the present experiments the curve was determined using multiple stimuli 


for the following reasons. If previous stimulation were to prolong the duration © 


of the active state, two well-known phenomena, the staircase effect and post- 
tetanic potentiation, could be explained in terms of changes of the active state. 
Furthermore, by using multiple stimulation the whole of the active state 
curve can be obtained. The use of single stimuli gives the curve only from the 
peak twitch tension downwards, i.e. only the bottom two-thirds of the curve, 


even in the favourable case of a frog’s muscle at 0° C. To obtain the full curve 


it has to be measured from the maximum tetanic tension downwards. 


METHODS 


The technique employed was similar to that described by Ritchie (19545). All experiments were 
performed at 0° C on the frog’s sartorius muscle suspended in oxygenated Ringer’s solution (NaCl, 
115-5 mm; KCl, 2-0 mm; CaCl,, 1-8 or 3-6 mm; phosphate buffer, pH 7-0, 2-0 mm), stimulated by 
means of a multi-electrode assembly (Hill, 1949) and connected by a thin straight wire of malleable 
stainless steel to the tip of a light duralumin lever. The lever was prevented from moving by a stop 
which could be suddently withdrawn by breaking the current through an electromagnet. Above 
the lever was a mechano-electronic transducer valve (RCA 5734) connected to the lever tip by a 
short length of plaited silk. By varying the amount of slack in this thread it was possible to vary 
the amount of relase allowed before recording of the isometric tension began. The compliance in 
the system was kept as small as possible so that the tension in the elastic component was always 
reduced momentarily to zero by the release. 

The experiments were performed on two separate sets of apparatus and differed slightly in such 
details as the arrangement of the multiple electrodes, the shape of the stimulus pulse, the geo- 
metrical arrangement of the various mechanical parts, and the presence or absence of tubocurarine 
chloride (1:50,000, w/v). These differences did not lead to any difference in the results obtained 

Care was taken to ensure that the muscle was in a steady condition by stimulating it auto- 
matically once per minute throughout each experiment, starting some time before the first record 


was taken. After each tetanus at least six routine twitches were given to allow the muscle to come 
back to its steady state, and the number of tetani was kept to a minimum. 3 


RESULTS 


The effect of varying the number of stimuli. The following routine was adopted. 
The muscle was stimulated by a single shock once a minute; by varying the 
time interval between stimulus and release a number of tension curves were 
obtained superimposed on the same photographic record, as shown in Fig. 1. 
The line joining the peaks of these curves is the active state curve and is 
indicated by the solid circles in Fig. 2. The open circles and the crosses in Fig. 2 
were obtained in the same way, except that the muscle had been stimulated 
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by two and five shocks respectively, the interval between the shocks being 
135 msec. It is seen that the three sets of points lie close to the same curve, 
although the points obtained after multiple stimulation lie slightly to the 
_ right; after ten shocks (open triangles) the effect is much more striking. This 
means that previous stimulation makes the activity last longer. 


50g 
i 


j 
0 400 msec 
Fig. 1. Records of tension development of frog’s sartorius following quick releases at different 
times during single twitches. The stimulus coincides with the beginning of the record. 


A similar shift of the active state curve to the right was obtained when this 
curve was determined a short time after a tetanus had been given to the 
muscle. In these experiments tension records were made of the response to 
single shocks 60 sec before and 20 sec after a brief tetanus, the amount and 
time of release being the same for both records. The time of release was then 
altered and a new pair of records obtained; this was repeated for several 
different times of release. Between each pair of records the muscle was allowed 
6 min or more in which to get back to its steady state. The result of such an 
experiment is shown in Fig. 3. The general result is the same as that in Fig. 2 
and shows, with the slight difference in procedure, that the effect of a tetanus 
can still be detected after 20 sec. Further, in this experiment the prolongation 
produced by previous stimulation cannot have been the result of a higher 
tension existing in the muscle at the moment of release, as might be argued for 
the experiment of Fig. 2. 

In the present experiments the duration of the plateau of the active state 
was not measured, but this is also prolonged by previous stimulation 
(Ritchie, 1954a). 

The staircase effect and post-tetanic potentiation. The essential feature of both 
phenomena is that previous stimulation increases the peak tension developed 
in a subsequent muscle twitch. With low frequencies of previous stimulation, 
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leading to a series of twitches, the result is called the staircase phenomenon: 
_ with high frequencies of previous stimulation, leading to a tetanus, the result 


is called post-tetanic potentiation (Rosenblueth & Morison, 1937; Guttman, 


- Horton & Wilber, 1937; Brown & von Euler, 1938). Both phenomena vary 


a great deal from one type of muscle to another and are sensitive to slight 


changes in experimental conditions. 
! 
a 
50 Fr 
Bie 
Bh 
0 


Time after stimulus (msec) 


Fig. 2. The decline in activity of frog’s sartorius at 0° C following 1 shock (solid circles), 2 shocks 
(open circles), 5 shocks (crosses), and 10 shocks (triangles). Interval between shocks 135 msec. 
Times are measured from the last shock in each case. The curve is that obtained using two 
shocks as the stimulus. 


The staircase effect and post-tetanic potentiation can be predicted from the 


_ results shown in Figs. 2 and 3, because if previous stimulation makes the active 


state last longer, it is only reasonable to expect that a higher twitch tension 
will then be reached, assuming that other properties, e.g. the force-velocity 
relation, remain constant. The increase in twitch tension of the frog’s sartorius 


nt 
ag 
Ag 
‘4 
Pig? 
fry: 
* 
4 
0 200 ale 4 
a 
t k 


492 


Fig. 3. Active state curves of frog’s sartorius at 0° C plotted from single shocks given 60 sec 
before (solid circles) and 20 sec after (open circles) a short tetanus (1 sec duration, 50 shocks/ 


sec). 


40g 


20 msec. 


Intensity of active state (g) 


0 


} 


0 200 400 
Time after stimulus (msec) 


600 


Fig. 4. Isometric twitches of frog’s sartorius at 0° C recorded at body length. The first (solid line) 
and eleventh (interrupted line) of a series of twitches at the rate of 20/min. Time marks 


a J. M. RITCHIE AND D. R. WIL se 
Ry very 
a “A 
ofan 
NON ‘result 
{ \ 
a sho 
tens! 
} 
muc 
i 
254 
j 
a 
| 
| 
Fig. 
4 
7 
4 sha: 
q 
whi 
2 one 
q act: 
* 
me. 
: Lis 
ia \ cor 
4 \ sar 
= \ 
\ in 
\ | 
4 wh 
/ 
la: 
a 
4 


ACTIVE STATE IN TWITCH AND TETANUS 493 


at 0° C after a previous series of twitches is shown in Fig. 4. The effect is not 
yery dramatic, for the twitch: tetanus ratio is large (0-65-0-8) and at the peak 
of an ordinary isometric twitch the activity curve has fallen only a little. Asa 
result of the previous stimulation the muscle does remain in its active state for 
a short extra period of time, but this occurs at a moment when the isometric 
tension is rising only very slowly. The peak tension reached is therefore not 
much increased, though relaxation is slowed. 

PO 


Fig. 5. Same muscle as in Fig. 4. Tension recorded through a compliant connexion (see text). 
As in Fig. 4, the first (solid line) and eleventh (interrupted line) of a series of twitches at the 
tate of 20/min. 


We now have a fair understanding of the factors underlying the size and 
_ shape of a muscle twitch, so that by altering the mechanical system against 
which the muscle pulls we can arrange for the tension still to be rising at a 
time when the activity is declining rapidly (see Hill, 1951). In this situation 
- one would expect the peak tension to be far more sensitive to the duration of 
activity. This conclusion is borne out by experiments in which tension develop- 
ment was delayed by attaching the muscle to the transducer through a com- 
pliant instead of an unyielding connexion. The effect is best shown if the 
compliance is non-linear: in practice we used either another (unstimulated) 
sartorius or a rubber band whose total stretch was limited by joining it in 
parallel with a piece of thread. Tension records obtained in this way are shown 
_ in Fig, 5; the increase in peak tension is much more dramatic than in Fig. 4. 
In both Figs. 4 and 5, the two curves run together for the first 180 msec, 
_ which means that previous stimulation alters the time course of activity with- 
out affecting the force-velocity curve. : 


DISCUSSION 


Our results show that the active state curve obtained using one shock as the 
_ stimulus differs very little from that obtained using two shocks, though the 
latter extends over a greater range than the former. By giving two shocks so 
_ timed that the second falls just before peak tension js produced by the first, 
it is easy to plot most of the falling part of the active-state curve, even when 
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the twitch: tetanus ratio is small, as in frog’s muscle at room temperature or in 
mammalian muscle. The need for such a technique was, in fact, our reason for 
starting these experiments. In other words, our experiments have shown thai 
the activity (in the contractile material) produced by one shock does not sum- 
mate with that produced by a preceding shock in the way that muscle tension 
summates. Every shock restores the intensity of the active state to a maximum 
from which it then decays, always with much the same time course; so that in 
a tetanus the phase of falling activity is almost entirely determined by the last 
shock given to the muscle. 

Evidence has been accumulating for some time that many of the agents 
which are known to increase the peak tension of the isometric twitch do so by 
prolonging the active state. This explanation certainly applies to the actions 
of drugs such as adrenaline, caffeine, quinine, nitrate, bromide, iodide and 
potassium (Goffart & Ritchie, 1952; Hill & Macpherson, 1954; Ritchie, 1954); 
Lammers & Ritchie, 1955) as well as to the effect of applying high hydrostatic 
pressures (Wilkie, unpublished). The experiments reported here on frog’s muscle 
have shown that a similar prolongation of the active state can account for the 
staircase effect and for post-tetanic potentiation. These effects are shown far 
more dramatically by mammalian muscles, and it would be interesting to 
know whether or not in these muscles the whole effect, or only part of it, can 
be accounted for by a change in the activity curve. 

Striped muscle is used quite commonly as a pharmacological test object. It is 
customary to record its isometric tension development on such a slow time 
base that the peak tension reached is the only significant feature of the record. 
However, an effect on peak twitch tension does not always give a clear in- 
dication of the nature or extent of an action of a drug or treatment on muscle 
(for example see Fig. 4) for the factors determining this peak tension are 
complex. The mechanical properties of the recording arrangement and the 
amount of compliance and slackness in the muscle attachments profoundly 
influence the result obtained, even if the isometric recorder itself has a 
sufficiently high frequency response to avoid distortion of the tension curve. 
Moreover, it is possible by altering the mechanical arrangements to ‘amplify’ 
the effect one is seeking (compare Figs. 4 and 5). This is a useful technical trick 
and it emphasizes the fact that measurements of muscle twitches can only be 
interpreted quantitatively if the mechanical conditions of recording are 
clearly defined. 

The significance of the active state curve. The technique described here 
certainly measures ‘activity’ according to our strict definition of it, and when 
the experiment is done on a muscle at a constant final length the curve of the 
active state we obtain turns out to be a single-valued function of the time 
since the last stimulus. It is independent of the total tension reached and of 

the amount of release. As a corollary of this we have obtained the same curve 


Gass 


either 
depen 
| muscle 
The 
tractir 
contre 
have 
maxir 
4 
its tw 
impo 
scale 
specu 
the 
Th 
nth 
nothi 
less 1 
dism 
come 
store 
affec 
acts 
stim 
2. 
stat 
two 
the 
Bro 
Gor 


ACTIVE STATE IN TWITCH AND TETANUS 495 


"either by allowing a fixed amount of release at varying times, or by varying the 
_ amount of release at a fixed time. However, the curve does show a slight 
| dependence on the final muscle length at which it is measured; the shorter the 


muscle, the earlier the fall (Ritchie, 19545). 
The active state curve seems to reflect some process going on in the con- 


~ tracting muscle, but does it tell us anything about the actual mechanism of 


contraction? On a macroscopic scale the shape of the curve is certainly of 


~ importance in determining mechanical behaviour in a muscle twitch; for we 
have other evidence that the activity at each instant determines not only the 


maximum isometric tension available, but also the speed of shortening. This 
makes it possible to predict the mechanical behaviour of the muscle throughout 
its twitch. On a purely descriptive plane, therefore, the active state curve is an 
important determinant of muscular function. What this means on a molecular 


__ seale in terms of the ultimate contractile mechanism is not clear. One can only 
speculate, and the facts themselves can probably be accommodated by any of 


the current theories of the contractile process. 

The active state curve is fitted quite well by a cumulative normal probability 
curve, so the behaviour of the whole muscle may be determined by all-or- 
nothing subunits arranged in parallel, whose duration of activity is more or 


- |ess normally distributed. On the other hand, the contractile units may be 
_ dismantled individually in a way that follows the activity curve. This could 


come about for a reason local to each unit, e.g. the exhaustion of a local energy 
store; or because of some influence pervading the whole of the fibre and 
affecting all the contractile units together. Perhaps the negative after-potential 
acts in this way. 
SUMMARY 

1. The intensity of the active state of frog’s muscle has been measured after 
stimulation by single and by multiple shocks. 
_ 2. Previous stimulation tends to delay the fall in activity. 

3. This delay is small when only a few shocks are given to the muscle 
within a short interval of time. Almost all of the declining phase of the active 


~ state curve can therefore be determined by using a icentee which consists of 
two shocks. 


4. The delay in the fall of activity after previous stimulation accounts for 


_. the staircase phenomenon and post-tetanic potentiation in frog’s muscle. 
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A modified foot plethysmograph for rapid assembly in operating 
theatres. By W. H. Brovuau, K. E. Cooper and Hexen M. Ferres 


Practical limitations to the use of transistors as d.c. amplifiers. 
By D. Baranowski 


_ The respiration of arterial tissue. By Anne E. Henperson and 
J. D. B. 


Motor-unit activity in an accessory respiratory muscle. By 
L. AnpREwW. Department of Physiology, Queen’s College, Dundee, 
University of St Andrews 


The sternothyroid muscle of the rat contracts rhythmically with respiration 
and features of its action have been described elsewhere (Andrew, 1955). The 
muscle contains about 700 muscle fibres organized into 5-10 motor units. It 
can be conveniently exposed by cutting out the sternohyoid muscle on one 
side of the mid-line. Filling the wound cavity with liquid paraffin preserves 
the muscle from cooling and drying, and a slip of black paper inserted between 

the sternothyroid muscle and the trachea enables the intramuscular nerves 
- and blood vessels to be seen. The muscle is supplied through a single nerve 
twig, containing 10-20 myelinated fibres, which enters it in the mid-region. 

During quiet breathing in the anaesthetized animal (urethane) one or more 
units are active and discharge a few action potentials phasically with inspira- 
tion. When swallowing movements occur, the motor neurones are inhibited 
and the muscle takes no active part in the descent of the thyroid cartilage 
which takes place at the end of the movement. Increased respiratory activity 
is accompanied by recruitment of additional units and a change, in some of the 
units, from phasic to a continuous discharge with maximum frequency during 
inspiration. 

It was considered that if the activity of individual motor units could be 
observed over a period of hours it might be possible to decide whether the 
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threshold, in terms of respiratory activity, of individual motor neurones 
changed. It is sometimes presumed that fatigue in postural and respiratory 
muscles is avoided by the change of identity of the active group of units from 
time to time. Certain difficulties are encountered in experiments designed to 
test this idea. First, it may not be possible to be sure that the same unit is 
under observation throughout the experiment if the electrodes are insufficiently 
local (selective) in their region of pick-up, or if there is any tendency for the 
electrode tips to change their position relative to the muscle fibres. Secondly, 
if more than three or four units are active it may be impossible to interpret 
the electrical records. Attempts to overcome the first difficulty have resulted 
in the use of two or more selective bipolar pick-up electrodes, with compliant 
mountings to minimize electrode shift, connected to a two-channel balanced- 
input amplifier. Input switches are used where more than two pairs of elec- 
trodes are employed. The electrode selected consisted of a pair of fine enamelled 
copper wires, diameter 0-07 mm, insulated except at the tips, wound as a 
helical spring. The wires were held together with a plastic adhesive (D.P.X.) 
and tip separation was minimal. The spring was hung from the input terminals 
of the amplifier so that the tips rested lightly on or between the muscle fibres. 
The electrode thus has a very compliant mounting and does not give rise to 
injury discharges after insertion. It will not shift its position, if care is taken. 
This electrode is much more difficult to fix in position initially than a pipette 
or concentric needle electrode held by a manipulator. The second difficulty 
seldom arises with the sternothyroid muscle during quiet respiration, but 
occasional preparations have had to be rejected because too many units were 
active. | 

The results obtained with simultaneous recording from two pairs of elec- 
trodes suggest that the fibres composing a motor unit are grouped together, 
a feature which aids the interpretation of the records. The electrodes are not 
sufficiently selective to give information on the extent of intermingling 
between adjacent units. It is necessary to have two or more electrodes in 
position, since the respiratory activity varies from time to time during the 
experiment and it is essential to be able to distinguish between a parallel 
change in motor units consequent on a rise or fall of respiratory activity and 
a differential change as would occur if the mechanical effort were transferred 
from one group of units to another. The tentative inference drawn from the 
records is that the units operating with the lowest respiratory threshold, i.e. 
the last units to cease functioning if the respiratory activity is progressively 
_ reduced, maintain their threshold status relative to other units, at least for 
the period of the experiment, which was usually 3 or 4 hr. No evidence was 
obtained that the load is transferred from one group of units to another. Thus 
if one electrode was placed amongst the fibres of a low threshold unit and 
another in a high threshold unit at the beginning of an experiment, it was 
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found that although during the succeeding hours the usual spontaneous varia- 


tions in respiratory activity may have led to the temporary extinction of all 
activity in the muscle at some times and vigorous activity in both units at 


other times, the relative threshold status of the two unite was § maintained — 


throughout. 
REFERENCE 


Andrew, B. L. (1955). J. Physiol. 180, 474-487. 


Mast cells and histamine in hog stomach. By J. F. Rumery and 
G. B. West. Department of Radiotherapy, Royal Infirmary, Dundee, 
and Department of Pharmacology and Therapeutics, U. niversity of 
_ St Andrews Medical School, Queen’s College, Dundee 


Mast cells have been found in large numbers in the mucosa, muscularis 
mucosae and submucosa of the fundic portion of the hog stomach, whereas 
the thick muscle coats contain very few mast cells. Histamine values cor- 
respond with this distribution of mast cells. In the pyloric portion the mast 
cells are located chiefly in the submucosa which has a histamine value of up 
to 100ug/g tissue. The overlying mucosa contains relatively few mast cells; 
nevertheless, it possesses a comparatively high histamine content (values up 
to 80 ug/g tissue). It is thus possible that some tissue component other than 
mast cells may bind the histamine in the pyloric mucosa of the hog stomach. 


Sensory nerve endings in the bovine muzzle (planum nasolabiale). 
By A. Myranwy Nisper. The Hannah Dairy Research Institute, 
Kirkhill, Ayr 


_ Many sensory nerve endings, both organized and free, are found in the bovine 
muzzle. They have been stained by the Bielschowsky-Gros silver diammine ion 
method. 
In the dermis, between the nasolabial glands and the epidermis, there are 
- Many sausage-shaped end-bulbs, occurring singly or in groups of two or three 
or sometimes four. These endings, in which the central fibre usuaily has a 
_ knob-shaped ending and is enclosed in concentric lamellae, resemble the 
_ proprioceptors in the knee-joint of the cat described by Boyd (1954). Occasion- 
_ ally an end-bulb possesses an accessory fibre which ends in a network of fine 
neurofibrils encircling the central ending. Nearly all the axons of the end- 
_ bulbs are accompanied by an accessory fibre which by-passes the end-bulb 
and appears to enter the epidermis. A typical end-bulb can be seen in Fig. 1. 
Arterio-venous anastomoses in the muzzle have a very rich network of fine 
_ fibres around and in their walls. | 
| a2 
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There are typical palisade endings around the hair follicles and also net- 
works of fine fibres in the root sheath of the hairs at the edge of the muzzle. 


Fig. 1. An end-bulb in the dermis of the muzzle with part of a second end-bulb lying to its left. 
An accessory fibre which by-passes the end-bulb and enters the epidermis can be seen. 
Bielschowsky-Gros method. Untouched photomicrograph. 


In the epidermis fine unbranching nerve fibres penetrate to the stratum 
corneum. These are similar to the ‘ultra-terminal’ fibres in the human gum 
(Gairns & Aitchison, 1950) and the human palate (Gairns, 1954). 


REFERENCES 


Boyd, I. A. (1954). J. Physiol. 124, 476-488. 
Gairns, F. W. (1954). J. Physiol. 123, 26P. 
Gairns, F. W. & Aitchison, J. (1950). Dent. Rec. 70, 180-193. 


Human reflexes and movements analysed with high-speed 
cinematography. By D. A. McDonatp. Department of Physiology, 
St Bartholomew's Hospital Medical College, London, E.C.1 


The film to be shown records various movements in ‘slow-motion’. Camera 
taking speeds are mainly 800-1200 frames/sec, but some sections at 64 frames/ 
sec (orthodox slow motion) are included for comparison. 

The first section is concerned. with blinking movements of the eye. Reflex 
closure of the eyes has been caused by (1) firing a cork at the face from a pop- 
gun, (2) detonating a firework electrically and (3) shining a bright light 
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suddenly inthe eye. These methods have been chosen as the timing of the 
initia! stimulus is visible on the film. 

With a popgun the time in one case was 60 msec from the time the cork left 
the gun some 3 ft. away. When a subject became conditioned to the gun he 
would usually blink at the ‘pop’, and on one record two blinks are made in 

| zapid succession in response first to the noise and then to the approach of the 
cork. The interval between complete closure of the lids in these two blinks is 

100 msec, although a complete blink from the time the lids begin to close to 

the time they are open again is 60 msec or longer. 

The shortest delay in blinking was caused by the detonation of a firework 

_which suggests that an auditory stimulus may have a shorter latency than 
a visual one. These results, however, are uncertain because of the likelihood 
of conditioning to extraneous movements causing the blinking. The value 
for the reflex latency of a blink to a visual stimulus appears to be not less 
than 60 msec and is as long as 80 msec in cases where the background lighting 
is of a relatively high intensity. 

When the blink is initiated by a bright light alone the resulting closure of 
the lid follows a different pattern. The stimuli used were first, a photographic 
flash bulb fired about 1 ft. away from the eye and secondly, the beam of a 
focused 1 kW compact source lamp. The upper lid is brought down in a sequence 
of two, or even in one case three beats. The interval from light stimulus to the 
beginning of the first beat, which covers up to half of the iris, is 60-70 msec. The 
lid then retracts again, almost completely, and is brought down to cover the eye. 
The interval is then about 25 msec. Where there are three beats the second one 
may be incomplete and the eye only closed at the third beat and once more the 

- interval is about 25 msec. The eye closure as a result of the bright light may 
be voluntarily inhibited completely. The cause of this phasic closure of the eye 
has not been determined. Two suggestions are put forward: (1) the reflex 
movements are in response to successive synchronous bursts of firing from the 

) retina (Rushton, personal communication) or (2) there is temporal summation 

due to conduction of different reflex pathways of varying conduction times, 

e.g. from retina to oculomotor nucleus by the pretectal pathway and by the | 

optic radiation to the striate cortex and back. The blinks in response to a - 
physical menace to the eye (e.g. the cork) or where a loud noise accompanied | 

E the flash (e.g. the firework) were both complete in one motion. Spontaneous 
blinking, however, is often only partial. 

The second part of the film is more miscellaneous. The reaction of a boy to 

a loud firework has been recorded and in slow motion the arm raising a hand 

to the ear appeared to move in almost an athetoid manner. Also the raising 

of the right hand is seen to be accompanied by an initial depression of the left 

hand. Indeed, the left hand is not moved up until the right hand is covering 

_ the ear. The reaction of another boy to a punch in the eye is shown, and 
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between the immediate reaction and the final resentful grimace there is an 
apparent smile (lasting about 400 msec). 

Finally, some athletic movements are shown. First a start in response to 
a gun by some student sprinters. The delay before any movement is observed 
ranges from 140 to 200 msec. Secondly, two different styles of rng 
are recorded. 


A grant from the Medical Research Council defrayed the cost of the filming which was originally 
undertaken for a demonstration at the Royal Society Conversaziones in May and June 1955. 


The cat nictitating membrane as an isolated (eases teen By 
J. W. THompson 


Effects of cortisone on calcium and biiiadiiliasin metabolism in 
infants with hypercalcaemia. By H. G. Morcan 


Absorption of fat from the alimentary tract of the ferret. By 
Ann B. McNaveur. Institute of Physiology, University of Glasgow 


The ferret intestine, from pylorus to anus, is relatively short and shows little 
variation in diameter throughout its length. Villi extend to within 7 cm of its 
termination. No recognizable caecum marks the commencement of the colon. 

In 4-month-old ferrets fed on ‘skim-cream’, frozen sections stained with 
Sudan IV and Sudan Black show the typical fat absorption picture in the 
villus-bearing part of the tract. Sudanophilic inclusions are globular, bright 
orange in colour with Sudan IV, and show maximal size and numbers in cells 
at the tips of the villi at 44 hr. Grading downwards occurs from tip to root of 
villus and from luminal to basal aspect of the individual cell. Simultaneously 
the lymph vessels in the wall of the gut and in the mesentery have abundant 
sudanophilic material. 

In addition, discrete sudanophilic particles occur in the gastric mucus- 
secreting columnar epithelium. Almost all surface cells 3 and 4} hr after 
a meal show supranuclear Sudan-stained granules deep to the U-shaped mucus- 
containing part of the cell. Fine infranuclear granulation is occasionally 
visible. Lymph vessels in the stomach wall remain negative to the stains. 

Similar sudanophilic granules, increasing to droplet proportions at 44 and 
6 hr, are seen in all sections of the striated-bordered columnar epithelium lining 
the non-villus portion of the gut, 4 cm from its termination. Occasional sub- 
mucosal lymph vessels in this region contain homogeneous Sudan-stained 
material. 

The absence of free droplets in the stroma and lymph vessels of the stomach, 
together with the predominantly angular shape of the epithelial sudanophilic 
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inclusions and their highly refractile brownish orange colour reaction with 
Sudan IV, suggest the presence of fatty acids rather than droplets of emulsified 
neutral fat. 

_ No such absorption picture is seen in the stomach or terminal colon of the 
adult animal. 

In common with Platt’s findings in the rat (1954), the curd of ingested cream 
remains for long periods in the stomach of the ferret, and much of it is present 
and filling the cavity of the organ 44 and 6 hr after ingestion. Since only a 
small fraction of the fat separates out in the whey and would therefore be 
expected to leave the stomach quickly, that remaining in the curd may be 
afforded longer facilities for gastric lipolysis. 

A milky fluid exudes from the cut end of the intestine throughout its length, 
and in the terminal 25-30 cm the low-residue contents take the form of small, 
discrete, yellow, curd-like plaques. From naked-eye appearances there seems 
_ to be a considerable prodigality in the utilization of foodstuffs. Fat may thus 
readily reach the lower bowel and be made available for absorption there. 


REFERENCE 
Platt, B. 8S. (1954). Proc. Nutr. Soc. 18, xvii-xviii. 


The distribution of ribonucleic acid and alkaline phosphatase 
in the developing tooth. By N. B. B. Symons. Dental School, 
University of St Andrews, Dundee 


The distribution of ribonucleic acid and alkaline phosphatase in the developing 
tooth is of considerable significance, particularly in view of the formation of 
the organic matrices of dentine and enamel. For it is held that alkaline 
phosphatase may be related to the manufacture of fibrous proteins (Bradfield, 
1950; Jeener, 1947), and in the production of ribonucleic acid (Bradfield, 1950). 
Ribonucleic acid, when present in marked degree, is an indication that the 
cells containing it may be actively engaged in protein manufacture (Caspersson, 
1947). 

All previous descriptions of the distribution of either of these substances in 
the developing tooth have been based on the assumption that the ameloblast 
and odontoblast layers contain only ameloblasts and odontoblasts respectively. 
Recently, however, using rat material fixed in 40% chilled formalin, it has 
been confirmed that each isyer contains a further cell; in the ameloblast layer 
the kionoblast, and in the odontoblast layer the radial cell (Symons, 1955a). 
It is therefore necessary to re-interpret ribonucleic acid and alkaline phospha- 
tase distribution in the light of this knowledge. 
| Rats from birth to 4 days after birth have been used. The material was fixed 

in 40% chilled formalin and embedded in paraffin wax. For the demonstration 
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of ribonucleic acid the pyronin methyl-green stain of Trevan & Sharrock (1951) 
as modified by Pearse (1953) was used. Some material fixed in this way was 
decalcified and stained with routine stains for a purely morphological picture. 


_ The details of alkaline phosphatase distribution are taken from a previous paper 


(Symons, 19555) in which similar material was fixed in chilled absolute alcohol. 

It has been found that the kionoblasts show a slightly heavier content of 
ribonucleic acid than the ameloblasts, and the radial cells somewhat more than 
the odontoblasts; both ameloblasts and odontoblasts have themselves a 
marked content of ribonucleic acid. The ameloblast layer during formation of 
the enamel matrix has an almost complete absence of alkaline phosphatase 
activity, but in the subsequent maturation phase of the enamel all the cells 
of the ameloblast layer show heavy enzyme activity. In the odontoblast layer, 
whereas the odontoblasts show only light alkaline phosphatase activity, the 
radial cells show heavy activity. This marked content of alkaline phosphatase 
activity and of ribonucleic acid in the radial cells supports the view that these 
cells are related to the formation of the fibres of the dentine matrix, a physical 
connexion having been already observed (Symons, 1955a). 


REFERENCES 
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The effect of ‘ Teepol’ (a synthetic detergent) on the activity of the a 


guinea-pig ileum. By A. T. MacqueEen 


An X-ray diffraction study of the structure of bone sections. By 
SHeEena M. Ciark and J. 


The effects of 5 -hydroxytryptamine on the peripheral blood 
vessels of the human subject. By I. C. Roppiz, J. T. SHEPHERD 


and R. F, WHELan. Department of Physiology, The Queen’s University of 
Belfast 
5- -Hydroxytryptamine (serotonin)* has been infused at a constant rate for 
5-15 min periods into the brachial artery of normal subjects in doses within 
the range 3-16 g/min of the creatinine sulphate salt. Blood flow and volume 
* Kindly supplied by Abbott Laboratories, Chicago, Illinois. 
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changes were measured by plethysmography, and heat elimination by the 
Hatfield-Turner heat-flow disks. Doses of 4yg/min and above caused a 
decrease in forearm and hand blood flow, a decrease in heat elimination from 
the fingers, and an increase in forearm and hand volume. There was a marked 
reddening of the forearm and hand skin which often changed to a dusky blue 
colour in the fingers during the infusion. 

The results indicate that serotonin constricts the peripheral resistance 
vessels and dilates the minute vessels of the skin of the forearm and hand. 


Sodium excretion in the rat after hypothalamic lesions and renal | 
denervation. By R. J. KEELER. Department of ee University 
of Birmingham 


Recently a number of reports have appeared describing changes in the renal 
excretion of sodium in response to alterations in volume or distribution of 
extracellular fluid (e.c.f.). The pathway by which this response is mediated 
remains obscure. Reports of salt-wasting (Cort, 1954) and salt-retaining 
syndromes (Cooper & Crevier, 1952) following injuries to the central nervous 
system suggest that the hypothalamus or frontal lobes may be involved. 

To investigate more fully the effects of brain injury on renal function, the 
rat hypothalamus and forebrain was systematically ‘mapped’ by electro- 
coagulation. Small bilateral lesions (approx. 1 cu.mm) were placed at 1 mm 
intervals and renal electrolyte excretion measured for periods of up to 5 days 
after the operation. Preliminary experiments with sodium-depleted rats 
(5 days on a sodium-free diet) showed that a large increase in sodium output 
followed lesions in and near the paraventricular nuclei of the hypothalamus. 
These animals returned to positive sodium balance in 3-4 days. 

Acute experiments showed that mean sodium output for a 24 hr post- 
operative period was: lesions rats, 546 wequiv/100 g; mock operated animals, 
165 pequiv/100 g (P<0-001). Creatinine excretion was increased by 50% in 
the lesion group. The natriuretic response was unaffected by prior renal 
denervation, and in these animals there was no significant change in creatinine 
excretion. It therefore seems unlikely that the natriuresis is to be accounted 


_ for by an increase in G.F.R. mediated via the nervous system. Depletion of 


e.c.f. volume by peritoneal dialysis with isotonic hyperoncotic. colloid (Cort, 
1952) was followed by a 60% reduction in sodium excretion by both normal 
and denervated animals compared with 30%, for the acute lesion group and 
10°% for animals with chronic lesions. 

Subcutaneous injections of deoxycortone acetate (DCA) or ACTH did not 
appear to influence the output of sodium by lesion rats, neither is the output 


affected by the presence or absence of diabetes insipidus. 
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It is tentatively suggested that lesions in and near the paraventricular nuclei 
interfere with some part of the mechanism normally responsible for the rapid 
adjustments of sodium excretion in response to alterations in volume or dis- 


tribution of e.c.f. 
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A comparison of oesophageal, rectal and para-aortic tempera- 
tures during hypothermia in man. By K. E. Cooper, Heten M. 
Ferres, J. R. Kenyon and F. Wenpt. M.R.C. Group for Research on 
Body Temperature Regulation, and the Surgical Umit, St Mary’s Hospital, 
London, W.2 

Measurements of temperatures have been made on patients undergoing hypo- 
thermia. The surgical procedures included aortic grafts for aneurysms and 
thromboses both in the thorax and abdomen, ligation of patent ductus 
arteriosus, and resection of carcinoma of the oesophagus. The patients were 
cooled to between 26 and 31°C (oesophageal temperature), with ice bags 
placed on the anterior surface of the body for 2 hours. 

Temperatures in the oesophagus, rectum and on the surface of the aorta 
have been measured using copper-constantan thermocouples enclosed in 
polythene tubes. During the cooling phase, the oesophageal and rectal 
temperatures were measured, and during the rewarming phase the para-aortic 
temperature was also measured. The para-aortic thermocouple was left in situ 
for 12 hr and was then removed in the same way as a surgical drainage tube. 
The accuracy to which the temperature of each thermocouple could be read 
‘was +0-05° C. The time taken for the polythene-enclosed couple to attain the 
temperature of its surroundings in a stirred water-bath (at 20-40° C) was 
20-30 sec. 

During cooling and before surgery started, the rectal temperature, in most 
cases, was higher than the oesophagal temperature, the difference being 
greatest at an oesophageal temperature of about 31° C, the maximum differ- 
ences observed in ten cases varying from 0:3 to 22°C. 

During the rapid phase of rewarming, the difference between the oesophageal 
temperature and the para-aortic temperature was less than that between the 
para-aortic and rectal temperatures. When the deep temperatures became 
steady, the rectal temperature rose higher than that in the oesophagus or 
alongside the aorta. 

When the circulation to the legs was re-established on completion of an aortic 
graft, the oesophagal temperature reflected a sudden increase in the leg blood 
flow or a large blood transfusion more clearly than did the rectal temperature. 
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Studies on amphibian metamorphosis using “I. By J. M. Dopp. 
Gatty Marine Laboratory, University of St Andrews 


The tadpoles of Xenopus laevis can be obtained at all times of the year by 
injection of the adults with chorionic gonadotrophin ; this fact makes them much 
more useful as laboratory animals than the tadpoles of indigenous frogs and 
toads which are seasonal. From the point of view of metamorphic studies the 
Xenopus tadpole has the additional advantage that the head and pharyngeal 
regions are very transparent so that the thyroid glands can be removed after 
locating them by a simple trans-illumination technique. The thyroids are — 
paired semi-transparent structures, and it is possible to make a series of 

measurements of epithelial cell height in the living glands. These unique 

features of the Xenopus tadpole have made possible the present studies on 

181] metabolism by the thyroid gland under various conditions and at different 

stages of metamorphosis. 

The tadpoles investigated in these preliminary studies were reared at 15° C, 
and the criterion used for selecting them was hind-leg length. Groups of five 
animals of similar hind-leg length were placed in 700 ml. distilled water con- 
taining approximately 20uc #41. After 48 hr the thyroid glands were removed 
from each larva in turn and measurements were made on the height of the 
follicular epithelium. Each pair of glands was then isolated on a planchette, 
thoroughly dried and then counted for radioactivity using standard end- 
window counting equipment. In this way, measurements have been made on 
a large series of tadpoles having hind legs between 1-5 and 20-0 mm in length. 
It has been found that under these conditions the glands take up relatively 
little J until the hind legs have reached a length of 6-0 mm. Their #"I content 
thereafter increases rapidly, reaching a maximum at a hind-leg length of 
14-0 mm; during this increase, the front limbs emerge. The radioactivity of 
the glands falls rapidly from the onset of shrinkage of body and tail, levelling 
off when metamorphosis is complete. 

The relationship between the above findings and thyroid-stimulating hor- 
mone (TSH) activity is under investigation and preliminary studies indicate 
that it may be possible to use the uptake of I by wie — thyroid glands 
as a criterion for the bioassay of TSH. 


The inhibition of glucose transport in the in vitro intestine by 
phlorrhizin. By D. H. Smyrs and C. B. Taytor. Department of 
Physiology, University of Sheffield 

Smyth & Taylor (1955) have shown that phlorrhizin, at a concentration of — 

2-5 x 10-*u, causes 80% inhibition of water transport in the in vitro intestine. 

This concentration is much lower than that which has usually been employed 
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to inhibit glucose absorption from the intestine, although it has been calcu- 
lated by Shapiro (1947) that concentrations of this order might inhibit glucose 
reabsorption in the kidney. Experiments have, therefore, been carried out to 
find out whether this low concentration of phlorrizin will also inhibit intestinal 
glucose absorption. 

Sacs of rat everted small intestine as described by Wilson & Wiseman (1954) 
were used. These were suspended in bicarbonate-saline and shaken in conical 
flasks at 38° C with a gas phase of 5° CO, and 95% O,. Water and glucose 
transport were measured by the increase of these substances on the serosal 
side of the intestine. The initial concentration of glucose was 500 mg%. The 
results showed that in the case of both water and glucose transport complete 
inhibition was caused by a concentration of 10-*m-phlorrhizin, while some 
degree of inhibition was evident at a concentration of 10~‘m, or in some experi- 
ments at even lower concentrations. 

The oxygen consumption of the intestine cannot be studied in bicarbonate- 
saline, but experiments on the effect of phlorrhizin on the oxygen consumption 
of small sacs of intestine in phosphate saline were carried out. The inhibition 
of oxygen consumption caused by a concentration of phlorrhizin of 10-*m is 
only about 30% and is negligible at a concentration of 10-*m. Thus the effect 
of phlorrhizin on the transport of water and glucose is considerably greater 
than its effect on oxygen consumption. 

Taggart (1952) has stated that in isolated systems phlorrhizin inhibits 
function only in concentrations which depress respiration. In our experiments 
it is evident that depression of respiration is much smaller than depression of 
- function. While the mode of action of phlorrhizin must still be regarded as 
uncertain, it is possible that it may have an action somewhat resembling 
2-4-dinitrophenol, in that there may be interference with the utilization of the 
energy made available by respiration. | 


REFERENCES: 
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Depressor responses from stimulation of fast and slow con- 
ducting fibres in the rabbit aortic nerve. By W. W. Dovetas, 


J. M. Riresre and W. Scuaumann. National Institute for Medical 
Research, Mill Hill, London, N.W.7 


In experiments on vagotomized rabbits we have examined the relationship 
between the intensity of repetitive stimulation of the aortic nerve and the 
resulting depressor response. The curves obtained showed a marked inflexion 


call in hlaad oressure (% of peak response) 


x 
if 
dep 
og 
4 det 
. 
im res 
0 
gr 
ne 
~ J 
gre 
x 
2 
4 
4 
4 €xX 
st 
ac 
a 
a 
aa 
U 
b 


SOCIETY, 23-24 SEPTEMBER 1955 13 P 


(Fig. 1A). When the relationship between frequency of stimulation and 
depressor effect was examined, two types of. curve were obtained (Fig. 1B), 
depending on whether the stimulus intensity was in the range below (open 
circles) or above (closed circles) the region of inflexion on the intensity/ 
response curve. These results suggested that two distinct depressor fibre 
groups are present in the nerve. Scrutiny of action potentials in the aortic 
nerve has confirmed this. Stimuli of low intensity excited a fast-conducting 
group of fibres. This group had little or no depressor activity when stimulated 
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at a frequency lower than 16/sec. But with higher rates of stimulation 
depressor effects occurred and became maxima! at a frequency of about 
128/sec. With stimuli of high intensity, fibres conducting at about 1 m/sec were 
excited. Stimuli of this strength caused depressor effects when the rate of 
stimulation was 1/sec or greater and gave maximal responses when it was 
about 16/sec. In some experiments single strong stimuli caused small but 
consistent falls in blood pressure. When pairs of such stimuli were applied, 
larger depressor responses were obtained; summation was maximal when the 
interval between the stimuli was 60-250 msec. 


Urine production in the foetal sheep. By D. Pauiine ALEXANDER, 
D. A. Nrxon, W. F. Wippas and F. X. Woxntzocren. Department of 
Physiology, St Mary's Hospital Medical School, London, W.2 


Urine collections have been made on foetal sheep between 61 and 142 days 
gestation age. The foetuses were delivered by Caesarean section into a saline 
bath, the placental circulation remained intact and urine samples were obtained 
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from a cannula in the urinary bladder. Rates of urine flow averaged over a 
period of 40-60 min varied between 0-14 and 0-64 ml./min, depending on the 
foetal age. Foetuses of about 117 days’ gestation age showed maximal rates. 
Expressed on a weight basis the urine flow progressively decreased from 
1-5 (at 61 days) to 0-04 ml./min/kg (at 142 days). 

In older foetuses there was considerable variation in rates of flow over the 
period of the experiment. Changes in urine flow were associated with changes 
in the electrolyte composition and freezing-point depression of the samples. 

In a number of experiments plasma clearance values of urea, creatinine and 
fructose have been calculated and are in good agreement with one another. 
The results indicate that the plasma clearance increases as the foetus gets 
older, but only about 40-60% of water is reabsorbed until near full term. 
Hypotonic urine is present in foetuses up to 130 days, while in older foetuses 
hypertonic urine has been observed. 

Urine flow, sodium excretion and the tonicity of the urine have been 
measured following intramuscular injection of pitressin (0-1-0-7 i.u./kg 
body wt.). No significant change occurred in young foetuses. Observations 
on three ‘near-term’ foetuses showed no constant trend. 


This work was aided by an A.R.C, grant to Professor A. St G. Huggett. 


Release of the pyloric hormone. By K.8. Kim. Physiological Laboratory, 
University of Liverpool 


Robertson, Langlois, Martin, Slezak & Grossman (1950) discovered that the 
application of 0-5 % acetylcholine in saline to the mucosa of Heidenhain-type 
pyloric pouches in conscious dogs caused secretion of acid from the fundic 
region. The response was shown not to be caused by absorption of acetylcholine 
into the circulation, and it was suggested that the response was due to the 
release of gastrin from the pyloric mucosa. 

In the experiments to be reported this observation has been confirmed, 
using conscious dogs provided with Heidenhain-type pyloric pouches and 
Heidenhain- or Pavlov-type fundic pouches, or gastric fistulae. Perfusion of 
the pyloric pouch with choline solutions, or the intravenous injection of 
choline, failed to cause a significant acid response from the fundus. 

When, however, the pyloric pouch was irrigated with 0-5% acetylcholine 
in 0-1N-HCl, the acid response from the fundus was markedly inhibited ; sub- 
sequent irrigation of the same pouch with the same solution after neutraliza- 
tion evoked the expected acid response from the fundus. Application to the 
pyloric mucosa of 0-1N-HCl alone inhibited the response of the fundic glands 
to continuous subcutaneous injection of Amechol (methacholine), but did not 
inhibit a response of similar magnitude produced by the continuous sub- 
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cutaneous injection of histamine. These findings are consistent with the 
suggestion (Langlois & Grossman, 1950) that parasympathomimetic drugs 
stimulate fundic secretion partly by a direct action on the glands there and 
partly by causing the release of gastrin from the pyloric mucosa, the latter 
component being inhibited by irrigation of the pyloric pouch with acid. 
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The action of adrenaline on the flow of parotid saliva in sheep. 
By R. N. B. Kay. Physiological Laboratory, Cambridge 


Stimulation of the sheep’s cervical sympathetic nerve causes an expulsion of 
parotid saliva, probably as the result of contraction of myoepithelium; a 
similar but not identical response follows the i.v. injection of adrenaline (Kay, 
1954). The effects of adrenaline on parotid salivary flow have now been 
investigated in more detail in sheep under chloralose anaesthesia. 

The response to the i.v. injection of adrenaline (3 ug/kg) occurs in two parts. 
First, after about 20 sec, there is a small transient increase in flow; this then 
merges with a greatly increased flow which reaches a peak in 1-2 min, and 
then declines over a period of up to 10 min. This secondary response is 
abolished by section of the secretory nerve, the parotid branch of the buccal 
nerve, or by the injection of atropine (1 mg/kg), and is evidently due to an 
increased rate of salivary secretion, while the earlier response, an expulsion of 
saliva, is unaffected. The secondary response is also largely abolished by section 
of the dorsal abdominal vagus, which forms the afferent pathway through 
which parotid secretion can be reflexly excited from the reticulum and rumen 
(Comline & Kay, 1955). 

Injections of adrenaline through the splenic into the coeliac artery, or into 
the aorta anterior to the coeliac, induce a similar secretory response after 
a delay of 20-30 sec; slight contractions of reticulum and abomasum also 
occur. Injections into the aorta posterior to the coeliac have a weaker and 
more delayed action. It seems that the secretory response to adrenaline is 
a reflex effect which may be due to an action, not necessarily direct, on 
receptors in the stomach. Similar stimulation by adrenaline of gastric stretch 

receptors in the cat has been reported by Paintal (1954). 

Injection of adrenaline (2 g/kg) into the carotid artery through a thyroid 
branch causes an expulsion of saliva from the ipsilateral gland, followed by 
secretion from the glands of both sides, though that from the ipsilateral gland 
is much weaker than that from the contralateral gland. This weakened response 
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is probably due to the greatly reduced blood flow through the ipsilateral gland 
which follows the injection. Such injections also reduce the response of the 
ipsilateral gland to stimulation of the secretory nerve. Similar effects were 
noted by Coates, Denton, Goding & Wright (1955) following prolonged 
stimulation of the cervical sympathetic nerve. 
This work was carried out during the tenure of a Research Studentship from the Agricultural 
Research Council. 
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The respiratory behaviour of calves exposed to increasing thermal 


stress. By J. D. Finpiay. The Hannah Dairy Research Institute, 


Kirkhill, Ayr 


A pneumotachometer (Beakley, Bligh & Nisbet, 1953; Nisbet, 1955) was used 
to obtain the respiration rates, ventilation rates and pneumotachograms of 
eight Ayrshire bull calves for environments of 20, 25, 30, 35 and 40°C at a 
constant absolute humidity of 17 mg/l. in still air. 

The respiration frequencies varied from about 34 to 180 respirations/min at 
environmental temperatures ranging from 20 to 40° C, the ventilation rates 
from about 30 to 80 |./min, while tidal volumes decreased from about 800 to 
480 ml. 

Marked individual variations in behaviour occurred. Those calves whose 
rectal temperatures increased only slightly with increasing heat stress during 
repeated 3-75 hr exposures showed an almost linear response im respiration 
frequency from about 30 to 130 respirations/min as environmental temperature 
increased from 20 to 40°C. Their ventilation rates were virtually constant 
throughout exposure at any given temperature, and increased only when the 
environmental temperature rose from 30 to 40° C by about 8 1./min.. 

The respiration frequencies of those calves whose rectal temperatures 
increased to high values (41-5°.C) with increasing heat stress rapidly reached 
high values of 140-150/min with little differentiation between the values at 
30, 35 and 40° C. Their ventilation rates increased throughout the period of 
— at 35 and 40° C and increased by as much as 261./min from 30 to 
40° 

In environmental conditions which virtually excluded all heat loss (40° C at 
34 mg/l. absolute humidity) and in which rectal temperatures rose by 
0-04° C/min, respiration frequencies reached peak values around 190/min in 
the first 25 min of exposure. They then declined until the environmental 
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humidity was reduced at 50 min and then rose once more to high values. 
Ventilation rates rose linearly throughout the exposure period, reaching values 
of 140-150 1./min and rapidly declined on reducing the humidity. 

The results, like those of McDowell, Lee, Fohrman & Anderson (1953), 
suggest that the ability to decrease materially the tidal volume with i increasing 
heat stress is characteristic of the more heat-tolerant animal. 

_ The pneumotachograms are similar to those obtained for the dog by Morrow 
& Vosteen (1953). The onset of panting from the change in pneumotachogram 
pattern is readily 
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The effect of repeated short term exposures to high environ- 

- mental temperatures on the volume and hydration of the blood 

of the calf. By W. Bianca. The Hannah Dairy Research I nstitute, 
Kirkhill, Ayr 


Three calves were exposed to an atmosphere which seiiitind only gvapedativs 
cooling (45° C (113° F), 17 mg/l. absolute humidity). The exposure periods 
were up to 5 hr per day for 3 weeks. Before and after the experimental period 
there were control periods at normal environmental temperatures, each of 
which lasted for 2 weeks. Three control calves were kept for the whole 7 weeks 
at normal atmospheric conditions. Every 5 days determinations were made of 
the circulating blood volume, the circulating plasma volume and the circu- 
lating cell volume with a modified T-1824 dye dilution method (Bianca, 1950). 
Plasma total solids were also determined. 

The experimental calves showed no statistically significant changes from 


_ their normal values of 65:4, 47-5 and 17-9 ml./kg of body weight for blood 


volume, plasma volume and cell volume. Slight plasma concentration occurred 
throughout the period of heat treatment. | 

The results indicate that such evaporation as did occur from the animals 
was insufficient markedly to affect their fluid balance a as reflected in the volume 
and hydration of their blood. 

First exposures of the animals to heat stress produced a marked transient 
increase in cell volume associated in two of them with a decrease in _— 


volume. 
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Observations on achlorhydria. By W. I. Carp, I. N. Marks and 
W. Strous. Gastro-intestinal Unit, Western General Hospital, Edinburgh 


Achlorhydria is usually defined as the absence of HCl in the stomach juice, 
but this definition is arbitrary, since it depends on the methods of obtaining 
gastric secretion, of stimulating it, and of detecting acid in the juice obtained. 
In the past, ineffective methods of obtaining and stimulating secretion have 
suggested that achlorhydria occurs not infrequently, even in the normal 
population. Using continuous suction of juice with a tube screened in position, 
stimulating secretion with a large subcutaneous dose of histamine, 0-04 mg/kg 
body weight, covered with an injection of an antihistamine, mepyramine 
maleate 50 mg (Kay, 1953), and measuring the pH electrometrically where 
‘achlorhydria’ was suspected, we have so far failed to find, except in cases of 
pernicious anaemia, any instance of achlorhydria in a series of over 500 tests. 

We have previously discussed the significance of a dose-response curve 
obtained by intravenous infusion of histamine in human subjects at different 
dose levels, and suggested that the maximal output, the ‘height’ parameter, is 
related to the secretory unit mass of the stomach (Card, 1952; Adam, Card, 
Riddell, Roberts, Strong & Woolf, 1954); that this is the most important, and, 
indeed, may be the only variable factor in different stomachs which determines 
any difference in their response to histamine stimulation. On this theory, 
achlorhydria is due to the complete absence of secreting cell tissue, while low 
secretions will be associated with few parietal cells. Histological examination 
of stomachs whose secretions have been previously measured supports this 
hypothesis. 
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On the principle of superposition in haemodynamics.* By M. Lessen 
and L. H. Peterson. Department of Physiology, School of Medicine and 
School of Engineering, University of Pennsylvania, Philadelphia 


Many approaches have been made in attempts to investigate and characterize 


the behaviour of the arterial system. Two examples of current work in this 
field consider (a) the relationships of natural pressure and flow in a single 
peripheral vessel (McDonald, 1955; Womersley, 1955a, b), and (b) the response 
of the system as a whole to a known excitation introduced into the root of the 
aorta during diastole (Peterson, 1954). It has been stated by McDonald that 


* Supported by the Office of Naval Research. 
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the second approach is in error, i.e. that a single pulse cannot be correctly 
considered as an isolated event but as one influenced by preceding events. 
In consideration of this criticism, it is appropriate to reiterate the principle 
of superposition for linear equations, since most differential equations which 
have been postulated to describe the behaviour of the arterial system or any 
of its parts are linear. Consider a linear differential equation or a system of 
linear differential equations; solutions of the equations may be superposed to 
obtain additional solutions. 
Given n linear differential equations with the same “hoitiggensons part but 
different functions 
L(x) =F i(t), 


=F, 


F 
where L is a linear operator on the dependent variable. A linear operator has 
the properties of additivity and homogeneity. The property of saiaierity may 


characterized b 
+ (Lay) = La, +m), 
and the of homogeneity may be as 
L(az) =aL{2). 


Summing all equations, one obtains 
La, + =F, (t) + + .. 


The solution of the last equation is equal to the sum of the solutions of the 
foregoing equations. This principle is utilized in Fourier series solutions of 
linear differential equations, e.g. Womersley (1955a, 6). Under the same 
assumptions, F(t) might be considered as the normal pulse and the F(t) might 
be considered as the sum of the natural aortic pulse curve and the additional 
_ pulse introduced during diastole (Peterson, 1954). The response to the 
introduced pulse alone may, therefore, be obtained as 7, —2,. 
The experimental methods in the studies of both McDonald and Peterson — 

do not involve any assumptions. The theoretical significance of the data 
depends in both instances, however, on the principle of superposition. The 
question, then, is not whether one study or the other is in error but whether 
the systems investigated permit the use of the principle of superposition. In 
this regard, the forcing method (Peterson, 1954) has been used to demonstrate 
_ that superposition is justifiable. : 
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The use of an equivalent circuit in the analysis of the arterial pulse. 
By of Physiology, St Bartholomew: 8 Hospital 
Medical College 


The very considerable body of work on the analysis of the factors determining 
the form of the arterial pulse has relied, for the most part, on inspection of 
manometric records. Mathematical analysis has been attempted (i) by means 
of Fourier series (e.g. Porjé, 1946) or (ii) theoretical study of the oe of 
a physical model (e.g. Karreman, 1954). 

“The present work arose from the fact that any other method of analysis was 
found to have severe disadvantages. (1) Fourier analysis is not satisfactory 
because it is impossible to attribute specific significance to the coefficients of 
the individual harmonics. (2) Correlograms (or periodograms) applied to a 
single pulse give no information of sufficiently precise value. (3) A difference 
equation may be fitted by least squares, and solved to give an answer in terms 
of exponentials and damped harmonics but this approach is invalidated by 
the presence of a discontinuity in the function. This discontinuity arises from 
the intermittent and defined nature of the systolic output of the heart. — 

In view of these difficulties the method of analogy was based on the behaviour 
of an idealized, rigidly simplified model of the heart and arterial tree. By its 
use it was possible to include the discontinuity in the analysis, and to study the 
variation with the type of input. In the first approximation a rectangular input 
has been used to represent the ventricular ejection of blood. The rising phase 
may also be treated in the form of a half-rectified sine wave. The arterial tree 
is represented by two chambers. The first represents the aorta as an elastic 
reservoir with a large leak to include the visceral and branchio-cephalic run 
off and the second the mass of blood in the peripheral limb vessels. The two 
chambersare linked by an elastic but inertia-less link representing the iliac and 
femoral arteries. The mathematical analysis of such a model has been carried 
out for a simple case, Further analysis has been carried out by building an 
equivalent electrical circuit. No allowance for wave transmission has yet been 
introduced. 

__ The outputs of the two chambers of this circuit are displayed on a double- 
beam oscilloscope, representing the aortic and the femoral pulse waves respec- 

tively. In spite of the severe simplification of the analogue it will simulate, quite 
recognizably, the pulse forms of a wide variety of circulatory states ranging from 
reactive hyperaemia and peripheral vasoconstriction to aortic regurgitation. 


This work was done during the tenure of C. J. Martin Travelling Fellowship, N.H. and M.R.C., 
Australia. | 


I am very grateful to Mr J. R. Womersley for mathematical guidance. 
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The uneven ventilation of normal human lungs at rest. By 
W. A. Briscoz and A. Cournanp. Pneumoconiosis Research Unit, 
Cardiff, and Columbia University, New York 


- In the last five years the degree of uneven ventilation of the lungs has for the 


first time been assessed from mixing studies in terms of a distribution of 
alveolar ventilation among alveoli (Robertson, Siri & Jones, 1950; Briscoe, 
1952; Fowler, Cornish & Kety, 1952; Hickam, Blair & Frayser, 1954; Gilson & 
- Hugh-Jones, unpublished). At present most workers have defined only two — 
groups of differently ventilated alveoli, one well ventilated, and another less 
well ventilated. It seems possible, however, that our present inability to 
demonstrate more than two groups of differently ventilated alveoli in the 
lungs may be due to imperfections in mixing techniques. 

In eighteen studies on six normal subjects at rest, using an open circuit 
technique with 11% helium as indicator gas, the less well ventilated alveoli 
constituted on the average 52% of the total alveolar volume and their ventila- 
tion was 1-5 |. of inspired air per litre of alveolar volume per minute. The well 
ventilated alveoli, which constituted 48% of total alveolar volume, were 
ventilated by about 3-6 |. of inspired air per litre of alveolar volume per minute. 

These estimates of the ventilation and the volume of the less well ventilated 
alveoli lie between the widely scattered means of the other observers. It is 
believed that these differences between the findings of different observers can 
be explained in terms of differences in technique, and that the observed mixing 
curves can be synthesized from a normal or log normal distribution of ventila- 
tion among alveoli, even though such curves can at present only be analysed 
into two groups of differently ventilated alveoli. 

Although the estimates of the volume and ventilation of the two groups of 
alveoli made by different observers appear to differ widely, new methods of 
dealing with such data show that all these patterns of ventilation must have 
much the same effect on oxygen transfer. The different normal patterns of 
uneven ventilation of the lung reported by different observers, if combined 
with even perfusion of the lungs with blood, are all insufficient to reduce resting 
arterial oxygen saturation below 97-94%. This is in striking contrast with the 
effects of the greater degree of uneven ventilation measured in disease. For 
the moment, the description of the uneven ventilation of the normal lung in 
terms of the volumes and ventilations of two differently ventilated groups of 
alveoli is a useful conception in considering the experimental evidence as to 
the behaviour of lungs even if there isin fact a normal frequency distribution of 


ventilation among the alveoli. 
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Increase in heart rate as an after-effect of vagus eee By 
R. Dynes and H. W. Kosrertirz 


Quantitative observations on mitochondria in the guinea-pig 
mammary gland. me M. 8. C. Brrpeck, A. Howe and K. C. 
RicHARDSON 


A method for the identification of 5-hydroxytryptamine. By 
G. W. Campriper and J. A. Horteate. Department of Physiology, 
University of Leeds 


The superfused isolated anterior retractor muscle of the byssus of Mytilus edulis 
has been used as a means of differentiation of certain substances which might 
be present in shed rabbit blood. As the effects of drugs upon this preparation 
depend on the state of contraction existing at the time of application it was 
necessary to establish a pattern of response, by electrical stimulation, and to 
examine the effects of the drugs upon this pattern. 

3-7 V d.c. applied for 20 sec elicited a contraction which, after cessation of 
stimulation, fell off slowly over 5-15 min; rectangular pulses of 150 msec 
duration at 90/min and of the same voltage produced rapid relaxation. Drugs 


applied immediately after the initial stimulus produced different types of — 


response. Noradrenaline and adrenaline (1-0 g/ml.) produced a further small 
contraction maintained indefinitely. ACh (1-0ug/ml.) produced a much bigger 
contraction but less well maintained. Histamine up to 10ug/ml. produced no 
effect. On the other hand 5-HT (1-100ng/ml.) gave rapid relaxation of the 
electrically induced contraction. 

The maintained contraction produced by ACh or noradrenaline was also 
relaxed by the application of HT (cf. Twarog, 1954) or by rectangular pulse 
stimulation. 

Rabbit serum produced the same effects as HT on both electrical and drug- 
induced contractions. Heparin plasma showed similar activity while Versenate 
plasma had negligible effect. These findings are in conformity with the pre- 
sumed HT content of these fluids (Holgate, 1953). 

The preparation thus permits the detection of HT-like activity in a 1:10 dilu- 
tion of serum even in the presence of high concentrations of histamine. 


REFERENCES 
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“The effect of Ca-lack-on the rate of loss of “Ca from frog muscle. 


By E. J. Harris. Department of Biophysics, University College London 


If a sartorius muscle is soaked for 4-12 hr in a bicarbonate saline solution 


containing 0-5 mm-CaCl, which includes a proportion of “Ca, the muscle takes 
up a proportion of the labelled Ca. The amount is variable; it corresponds to 
10-25 % of the total Ca found by analysis. 
The loss of the labelled Ca to portions of Ringer’s solution, renewed at 
intervals, has been followed. Initially there is a rapid loss; the amount so 


Time 

Fig. 1. Time course of the loss of “Ca from previously loaded muscles. The scaciaielahs were on 
a pair of muscles, one at 0° and the other at 20°C. Between the lines the muscles were 
exposed to a Ca-free solution; elsewhere 1 mm-Ca was present. A slight lag (due to diffusion) 
can be seen before the changes in rate become maximal. 


1-0— 
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Relative ““Ca in muscle 


0 1 2 3 4 5 

Fig. 2. Time course of the loss of “Ca from a previously loaded muscle. Between the lines a 
Ca-free solution, with the addition of 1 mm-versene, was used, with either zero or 4 mu-K. 


The versene caused some spontaneous activity. 
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moving exceeds that expected to be present in the extracellular fluid. After 
1-2 hr the rate of loss becomes low, about 5% per hour. If, however, no Ca is 
present in the external solution the rate is increased, so that 20% of theamount 
present at the beginning of the Ca-free treatment is lost in the next hour. 
Replacement of the Ca (1 mm) leads to a return to the previous slow rate 
(Fig. 1). The effect has been seen at 0 and at 20° C. 

Addition of 1 mm-versene to the Ca-free solution causes a still greater 
acceleration of the Ca loss. The solutions used have all contained 1 mm-Mg. 
High K and zero K have been tested during exposure to the zero-Ca + versene 
solution; no difference was seen (Fig. 2). 


The prolongation of facilitation in the electric eel by anticholin- 

esterases. By E. J. Harris and M. Miranpa. Department of Biophysics, 

University College London and Instituto de Biophysica, Uniwersidade do 
Brazil, Rio de Janeiro 


The electrical response of the electroplates of the main organ of the 
Electrophorus electrophorus L., to a single shock applied to the spinal cord of 
a spinalized preparation is usually slight, amounting to less than 1 V/cm of the 
tissue. If two successive shocks are applied, the response to the second can be 
many times greater than the response to the first. The magnitude of the 
response to the second shock depends upon the time interval between the 
shocks. Altamirano, Coates, Grundfest & Nachmansohn (1953) have shown 
that the variation in response is due to different numbers of the electroplates 
giving the full action potential, so that the magnitude is some measure of the 
number of plates which have been made fully active simultaneously. If the 
interval between two stimuli is short the system is refractory and the second 
stimulus is ineffective; with gradually increasing intervals the response 
obtained from the second stimulus when it first appears is nearly at its 
maximum, and it then declines so that for long intervals both responses are 
small. The envelope shape is highly sensitive to temperature which has there- 
fore to be controlled. The envelope curve relating response amplitude to time 
interval between the two stimuli has been obtained from untreated eels, and 
then again after injection of anticholinesterases (prostigmine, physostigmine). 
The latter substances in doses of about 1 mg/kg cause a considerable change of 
envelope shape. In the presence of the inhibitor the response amplitude 
decreases less rapidly as the stimulus interval is lengthened. The influence of 
the inhibitors on the persistence of the facilitating effect of the first shock 
suggests that an hydrolysable choline ester plays a part in transmission 


between cord and electroplate, which is contrary to the conclusions of Alta- 
mirano, Coates & Grundfest (1955). 
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Action potentials from the frog colliculus. By A. M. Anprew. 
Research Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


Micro-electrodes in the colliculi (optic lobes) of pithed frogs were used to 
record unit action potentials from cells, in response to stimulation of the 
contralateral eye with light. The layer of the colliculus from which responses 
were obtained appears to be 0-5 mm or less below the surface. Froma particular 
recording site, responses were evoked by light in a particular part of the visual 
field. The optimal position for a small light source could be determined with 
accuracy ranging from +5 to +15°. 

Usually both on-responses and off-responses were obtained from a recording 
site. Almost always the off-response was larger, and had a lower threshold 
and shorter latency than the on-response. Typical latencies were 30 and 
50 msec respectively. No maintained response to steady illumination has been 
seen. Frequently an off-response consisted of an initial burst of activity 
followed by a train of impulses which sometimes lasted as long as 7 sec. 

Responses to a moving spot of light have been studied, using as stimulus the 
spot of a 2 in. cathode-ray tube moving at a selected speed from one stationary 
position on the screen to another. The cathode-ray tube could be placed in any 
position in the visual field and always faced the frog at a distance of 10 in. 
Some recording sites showed marked differences between the responses to 
movements at the same speed and along the same path but in opposite direc- 
tions. The response to movement cannot be accounted for as a summation of 
on- and off-responses at points passed by the spot. A marked difference in the 
response to movement, depending on direction of travel, has been seen when 
the on- and off-responses were essentially the same at all points along the path 
of the spot. 

This work was supported in part by the Signal Corps, the Office of Scientific Research (Air 
Research and Development Command), and the Office of Naval Research, and in part by the 
Illuminating Engineering Research Fund, of the United States. 


_ Heat production in a smooth muscle. By B.C. Assort and J. Lowy. 


The Marine Biological Laboratory, Plymouth and Department of Zoology, 
Queen’s University of Belfast 


- Tonus in lamellibranch smooth muscle has been explained in terms of two 


opposing hypotheses: one postulates the existence of a ‘catch mechanism’ 
which enables the muscle to maintain tension without expenditure of energy 
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(Nieuwenhoven, 1947; Twarog, 1954), the other holds that the mechanism of 
tonus is tetanic, thus necessitating continuous expenditure of energy (Bozler, 
1948; Lowy, 1953). On the first hypothesis, relaxation is considered to be an 
active process because it involves an undoing of the ‘catch’ (cf. Barnes, 1955), 
whereas relaxation would occur automatically when tetanic excitation stops. 
Measurements of heat production have been made in the present experiments, 
following the observation of continuous electrical activity during tonus in 
intact and (externally) denervated lamellibranch smooth muscles (Lowy, 1955). 
The anterior byssus retractor muscle of Mytilus was used because it can be 
isolated in a relaxed state and gives consistent responses to electrical stimuli 
for several days (Abbott & Lowy, 1953). The muscle was mounted on a thermo- 
pile and stimulated at 2/sec, its tetanus fusion frequency at room temperature. 
Stimulation was continued for 30 sec. During contraction thus obtained the 
maintenance heat was about 0-1 mcal/g/sec. Compared with other muscles 
(e.g. frog sartorius at 0° C produces about 2 mcal/g/sec) this is a very small 
rate of heat production and means that Mytilus can maintain tension for long 
periods without large expenditure of energy. : 

_ Extra heat is produced whenever the muscle shortens either isotonically 
from the start or following quick release. The shortening heat per unit section 
of muscle is about 300 g.cm/cm shortened. There is no evidence of an outburst 
of heat associated with relaxation except when work is done on the muscle due 
to the drop of a load. In that case the heat liberated is equivalent to the work 
degraded. | 

Tonus can also be induced by acetylcholine (Twarog, 1954). During such 
a state of contraction we have found that as long as tension is maintained (and 
this may be for up to 10 min) heat is generated continuously. When the 
tonically contracted muscle is treated with 5-hydroxytryptamine it relaxes 
and there is a rapid drop in the rate of heat production. 

The above findings show that when the Mytilus muscle maintains active 
tension (not passive tension produced by stretch, which decays with time) there 
is continuous expenditure of energy. 
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- The importance of systemic acidosis to the action of the carbonic 


anhydrase inhibitor Diamox on the eye. By M. E. Lancuam 

and Patience M. Ler. Medical Research Council, Ophthalmological 
 - Research Unit, Institute of Ophthalmology, Judd Street, London, W.C.1. 
The pH, bicarbonate and carbon dioxide concentrations in the aqueous 
humour and blood of conscious rabbits 2-5 hr after the oral administration of 
270 mg ammonium chloride/kg body wt. (aqueous humour first in each case) 
were: pH 7-49+0-03 (12) and 7-37 40-02 (12); bicarbonate 20-19 + 0-75(12) 
and 14-13 + 0-67 (12) m-mole/kg H,O; and carbon dioxide 1-24 + 0-11 (12) and 
0°86 + 0-05 (12) m-mole/kg H,O. The mean excess of bicarbonate present in 


_ the aqueous humour was 6-07 + 0-70 (12) m-mole/kg H,O above that in the 


blood. This is lower than the excess of 8-89+0-93 (11) observed in normal 
animals under conditions of steady state, but approximately the same as that 
of 5-97+0-46(11) m-mole/kg H,O observed 2-5hr after the intravenous 
injection of Diamox (Lee, 1955). 

In similar experiments, animals were anaesthetized 1 hr after the wei 
administration of ammonium chloride (270 mg/kg) and 1-0 ml. of a 10% 


solution of sodium fluorescein injected intravenously. Using the objective 


fluorophotometric technique for the estimation of fluorescence in the interior 
chamber (Langham, 1955) the mean time for fluorescein to appearimmediately 
in front of the lens was 335 + 29-6 sec in ten rabbits. This value is significantly 
higher than the time of 248 + 26 sec found in ten normal rabbits, but similar 
to the value of 348421 sec in nine rabbits given Diamox 1 hr previously 
(Langham, 1955) and suggests that the rate of flow of the aqueous humour is 
decreased to a similar extent. 

In view of the similarity between the effect of ammonium chloride and 
Diamox in these experimental conditions, it would not appear likely that the 
ability of Diamox to reduce the rate of flow of the aqueous humour is associated 
with an inhibitory action on the carbonic anhydrase activity of the eye. 


REFERENCES 
Langham, M. E. (1965). J. Physiol. 128, 78 P. 
Lee, P. M. (1955). J. Physiol. 128, 80 P. 


The effect of ammonium chloride and the carbonic anhydrase 

inhibitor Diamox on the transfer of ascorbic acid across the 

blood-aqueous barrier. By M. E, Laneuam and Patience M. Ler. 

Medical Research Council, Ophthalmological Research Unit, Institute of 
Ophthalmology, Judd Street, London, W.C.1 

In view of the observation that in certain respects ammonium chloride affects 

the formation and composition of the aqueous humour in a similar way to 
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on the accumulation in the aqueous humour of a compound known to be 
actively transferred across the blood-aqueous barrier, namely, ascorbic acid. 

To exclude a possible vasomotor action influencing the supply of ascorbic 
acid to the site of transfer, the concentration of ascorbic acid in the plasma 
was maintained at a mean value of 5-10 mg/100 ml., which well exceeds the 
level of 2-3 mg/100 ml. required to ensure a maximal rate of transfer in normal 
rabbits. Table 1 shows the change in the concentration of ascorbic acid in the 
aqueous humour of conscious control rabbits and those given ammonium 
chloride or Diamox. Aq, was taken 3 hr after commencement of ascorbic acid 
_ injection, following which two experimental series of rabbits were given either 
ammonium chloride or Diamox; Aq, was removed 3 hr later. 


TaB_E 1. Effect of ammonium chloride (270 mg/kg body wt.) and Diamox (50 mg/kg body wt. 
followed by 25 mg/kg body wt. at hourly intervals) on the concentration of ascorbic acid 
(mg/100 ml.) in the aqueous humour of conscious rabbits. Ammonium chloride and Diamox 
were administered after the removal of Aq,. 


Controls 62-5 + 2-6 (8) 69-94 3-2 (8) 7440-9 (8) 
NH,Cl 61-34. 2-4 (8) 75-0-+ 2-6 (8) 13-741-5 (8) 
Diamox 65-3 + 1-6 (8) 83-3+ 2-1 (8) 18-0 + 2-1 (8) 


_ The results show that the secretion of asorbic acid is unimpaired under these 
conditions, and that ammonium chloride and Diamox increases the concentra- 
tion of ascorbic acid in the aqueous humour by a similar amount when the rate 
of transfer across the blood-aqueous barrier is at a maximum. : 


Mast cell and histamine profiles in the skin of various species. 


By J. F. Ritey and G. B. West. Department of Radiotherapy, Royal 
Infirmary, Dundee and Department of Pharmacology and Therapeutics, 
University of St Andrews Medical School, Queen’s College, Dundee 


The technique devised by Feldberg & Harris (1953) for the localization of 


histamine in gut has been applied to freshly excised portions of skin from — 


several species and combined with a histological assessment of the mast cells 
at the various levels. Skin from dog, cat, rat, mouse and man has been 
examined in this way, and in each case the maximum concentration of hist- 
amine was found to correspond with the layer which contained most mast 
cells. Mast cells in the skin are situated chiefly in the loose reticular connective 
tissue which underlies the epidermis. Where this layer of connective tissue is 
thin, as in the tongue, the mast cell content and histamine value are both low. 


REFERENCE 
Feldberg, W. & Harris, G. W. (1953). J. Physiol. 120, 352. 
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- Comparative studies of the resting and action potentials in 
| mammalian cardiac tissues. By M. H. Draper and M. Mya eas 
Department of Physiology, University of Edinburgh 
Studies of resting and action potentials in cardiac tissues with intracellular 
- microelectrodes have shown that in hearts from cats and dogs the magnitudes 
of these potentials are of the same order in atrial muscle, ventricular muscle 
and Purkinje tissue. The configuration of the action potential appears to be 
characteristically different for each tissue (Trautwein & Zink, 1952: Hoffman 
& Suckling, 1953). Fig. 1 is a diagrammatic reconstruction of typical action 
potentials obtained from isolated preparations of auricular and ventricular 
muscle and Purkinje tissue from the hearts of young goats. These show that the 
potentials of the cardiac tissues of the goat conform to the general patterns 
obtained in the cat and dog. 


Time scale: intervals of one-tenth of a second 


Fig. 1. From left to right are shown drawings of the action potentials from isolated preparations 
of the goats’ auricular, Purkinje and ventricular tissues. The auricular and ventricular 
preparations were from the same heart of a kid aged 3 months. The Purkinje tissue was 
from a kid of comparable age. Intracellular electrodes were used as described by Draper & 
Weidmann (1951). 


Resting and action potentials have been obtained from auricular, atrial and 
ventricular muscle preparations from rabbits, cats, dogs and goats. The resting 
potential values have ranged from 80 to 115 mV; the action potential values 
have ranged from 110 to 150 mV with a membrane reversal of 25-50 mV. 

_ These values are somewhat greater than those previously reported. 

Special attention has been directed to the question of the configuration of 
the action potentials in atrial and ventricular tissues. The preparations have 
remained stable for many hours and the consistency of the results indicates that 
although the maximum rate of rise is the same (80-150 V/sec) there is a charac- 
teristic difference in the declining phases of the action potentials. There are 
minor species differences but the general appearance is as indicated in Fig. 1. 
The conduction velocity was found to be about 0-5 m/sec in both these 
_ tissues from all four species. A higher conduction velocity (about 2-5 m/sec), 
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rapid maximum rate of rise (500-700 V/sec), and a marked spike phase are 
characteristic of Purkinje tissue (Draper & Weidmann, 1951). 

The duration of the action potential in cardiac muscular tissues depends 
upon the species and the maturity of the animal. It is also very sensitive to 


changes in experimental conditions. In general the atrial potentials are shorter — 


than the ventricular which are shorter than the Purkinje fibre potentials. 
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ACTION OF ADRENALINE ON SYNAPTIC TRANSMISSION AND 
ON ADRENAL MEDULLARY SECRETION 


By J. MALMEJAC 
From the Department of Physiology, University of Algiers 


(Received 13 January 1955) 


In spite of the many publications on the various actions of adrenaline, certain 
aspects are not fully understood. This is true of its action on the ganglionic 
synapse, about which apparently contradictory results have been published. 
Marrazzi (19394, 6), Marrazzi & Marrazzi (1947) and Lundberg (1952) consider 
that adrenaline and other sympathomimetic amines depress synaptic trans- 
mission. Posternak & Larrabee (1948) indirectly verify this; when the 
sympathin (i.e. adrenaline and noradrenaline) which accumulates in the 
adrenal gland during a short period of ischaemia is suddenly released into 
the circulation it may momentarily depress or even block ganglionic trans-— 
mission. Paton & Thompson (1953) have recently reported a series of experi- 
ments showing that adrenaline depresses ganglionic transmission in the cat. 
Biilbring & Burn (1942) and later Biilbring (1944) described a double action 
of adrenaline; in small doses it enhanced ganglionic transmission, while larger 
doses caused depression. Similar results were obtained on the sympathin 
secretion in response to splanchnic stimulation (Biilbring, Burn & Elio, 1948). 
The studies on the adrenal medulla, although they raise complex problems, 
complement those on synaptic transmission in autonomic ganglia. The 
chromaffin secretory cells are richly innervated (Willard, 1936) by pre- 
ganglionic fibres (Elliott, 1913); the cells of the suprarenal medulla are 
homologous with the postganglionic sympathetic neurone. Stimulation of the 
splanchnic nerve liberates acetylcholine into the suprarenal blood (Feldberg & 
Minz, 1933) and the choline ester appears to cause secretion of adrenaline? 
(Feldberg, Minz & Tsudzimura, 1934; Hermann, Jourdan, Morin & Vial, 
1937¢). The neuro-medullary junction may be considered as a ganglionic 
synapse (Hermann, 1939, 1942). 
All our pharmacological and physiological studies, using the technique of 
1 A reconsideration of the nature of the hormone of the adrenal-medulla (adrenaline or nor- 
adrenaline) is at present necessary. For the sake of simplicity ‘adrenaline’ and ‘adrenal-medullary 


secretion’ are used synonymously in this paper. 
32 PHYSIO. CXXX 
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perfusion of the coeliac plexus in situ (Malméjac, Gross & Neverre, 1951), in 


which we have compared the reactions of autonomic ganglia and of the adrenal 
medulla, support the conception that the innervation of the gland resembles 
an autonomic synapse, and emphasize its functional importance (Malméjac, 
1953). This is seen in the adrenal medullary secretion by anaphylactic and 
other local shock (Malméjac, 1950), and in experiments with drugs such as 
eserine, atropine, tetraethylammonium and curare (Malméjac, Chardon & 
Neverre, 19514). 

That is why, in order to study the effects of adrenaline on synaptic trans- 
mission, we have used simultaneously in the same animal (dog) and under 
identical conditions, the coeliac plexus (an autonomic ganglion) and the 
adrenal gland. We were thus working with two distinct but comparable 
structures, and this has certain advantages over the use of the ganglion alone, 
when studied by the technique of Kibjakow (1933). | 

Experiments which we have carried out show clearly that adrenaline in 
small doses augments synaptic transmission and adrenal activity in response 
to nerve stimulation (Malméjac, Chardon & Neverre, 1950, 19516, c). On the 
other hand, when high doses are injected there is a depressant effect on 
synaptic transmission and on neuro-medullary transmission (Malméjac, 
Chardon, Neverre & Gross, 1954). 

At the last Physiological Congress at Montreal, Paton & Thompson (1953) 
gave results which show that adrenaline must be considered as an antagonist 
to acetylcholine in synaptic transmission. We have confirmed this, but only 
with large doses of adrenaline (Malméjac & Chardon, 1954). 


METHODS 


The method of ‘ perfusion in situ’ which we have used permitted localization of the action of the 
chosen drug and made it possible to carry out simultaneously a series of investigations on the 
activity of the autonomic ganglion and the adrenal medulla. 

Perfusion in situ of the adrenal-renal region (Malméjac, Neverre & Gross, 1950). The outline of 
the method was as follows (Fig. 1). In dog B, the left adrenal was isolated by a series of ligatures. 
The abdominal aorta below the origin of the mesenteric arteries was made into a cul-de-sac. At 
. this level all the branches were tied except the left renal and adreno-lumbar arteries. The right 
adrenal gland and kidney were removed; perfusion from dog P was carried out through the aortic 
end of the right renal artery; anastomosis of the left renal vein with the jugular of P permitted 
the greater part of the circulation to return to this animal. The left adrenal vein was cannulated 
(a piece of jugular vein mounted on a Payr’s cannula was introduced into it) after ligature of the 
end entering the cava. 

The nerves of the region were carefully left untouched (particularly the greater and lesser 
splanchnics) so that we had an adrenal gland and a kidney which, although perfused in situ 
with the blood of a donor dog and at constant pressure, nevertheless retained their innervation 
intact, These organs remained, as they are normally, under the influence of the vasomotor centres. 


An abnormal arterial distribution prevented the achievement of vascular isolation occasionally, 


but very rarely; this was always verified in the course of the experiment. Shock due to incom- 
patibility of the blood was exceptional; moreover, its effects were of short duration, and it was 
possible to prevent them by transfusion. Thus this method permitted a study under more 
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physiological conditions than did other methods in which the adrenals were isolated and then 
perfused either by including them in the carotid-jugular circulation of another animal or by using 
- a pump (Houssay & Molinelli, 1927; Anitechkow & Kusnetzow, 1928; Bennati, Gautrelet & 
Halpern, 1930; Dumont, 1947; Biilbring e¢ al. 1948; Vogt, 1951). 
To measure the secretion of the perfused adrenal gland we usually used the procedure of 
- adrenal-jugular venous anastomosis (Tournade & Chabrol, 1921). The vein from the gland was 
anastomosed with the cardiac end of the jugular vein of another dog (dog A in Fig. 1); this dog 
was adrenalectomized and its weight was about half that of the first dog, B. The adrenal secretion 
passed into dog A and the changes in activity of the perfused gland were continuously recorded 
by the variations in the blood pressure and spleen volume. The sensitivity of the method could 
be increased by removing the dorso-lumbar spinal cord of dog A (Hermann, Jourdan, Morin & 
Vial, 19374), 


Fig. 1. Adrenal-renal region perfused in situ. In dog B the left adrenal-renal region is vascularly 
isolated, together with the coeliac plexus, and perfused in situ from a dog P. The afferent 
nerves of the adrenal gland and the ganglion are unaffected: their central nervous control 
remains normal. Stimuli applied to dog B will therefore affect the perfused region only 
through its nervous mechanism. Various drugs may act on this region without modifying 
the central nervous tone. Dog A, which receives the venous blood from the perfused adrenal, 
is used to measure the reactions of the adrenal gland. 


The vasomotor reaction was measured by recording the volume of the perfused kidney, or by 
measuring its venous output. Using a haemorheograph designed in this laboratory (Neverre & 
Rambert, 1951) the output of the adrenal vein was measured at the same time as the changes in 
adrenal activity were recorded in dog A. 

Perfusion in situ of the coeliac plexus. The region perfused in the method just described included 
the coeliac plexus as well as the kidney and adrenal. In this plexus, and in the terminal portions 
of the greater splanchnic nerve, lie the renal vasomotor pathways (Hermann & Jourdan, 1937; 
Hermann et al. 19874; Hermann, Jourdan, Morin, Vial & Cornut, 1938; Malméjac, Andrieu 
& Gross, 1951). By perfusing the left kidney from a second donor dog P,, while the plexus and 
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adrenal gland were perfused by dog P,, the kidney circulation was isolated from that through the 
plexus, although the nervous connexions were intact (Fig. 2). The renal vasomotor system thus 
remained anatomically and functionally complete, and the experimenter could reach separately : 


(a) The phal llary centres and the sympathetic chain in dog B. 
(6) The sells phiices talk the end of the great splanchnic nerve (the renal v tor pathways), 
perfused by dog P,. 


(c) The end of the renal nervous system and the intrarenal effector organs perfused by dog P,. 

To determine the effect of adrenaline on the coeliac plexus and on the neuro-medullary junction, 
the renal vasomotor reaction and the secretion of adrenaline in response to a central stimulus 
were measured before, during and after the injection of adrenaline into dog P,. The central 
stimulus which was used was anoxia or a fall in carotid pressure. 


Fig. 2. Coeliac plexus and adrenal gland perfused in situ. In a dog B the left adrenal gland (with 
intact innervation) and the coeliac plexus (retaining its afferent and efferent nerves) depend 
for their blood supply on a perfusor dog P,. The left kidney (with intact innervation) is 
perfused in situ by a dog P,. The kidney is used to measure the reactions of the coeliac plexus. 
Dog A, which receives the venous blood from the perfused adrenal, is used to measure the 
reactions of the adrenal gland. 


RESULTS 


Action of adrenaline in augmenting or reducing the activity of ganglia and of 
the adrenal medulla. Fig. 3 summarizes our previous statement on this subject. 
The left coeliac plexus of dog B was perfused in situ from dog P, and the left 
kidney from dog P,. At 16 hr 38 min, 20 yg acetylcholine was inlegied near 
the coeliac plexus and at 16 hr 39 min the cut end of the left splanchnic nerve 
was stimulated centrifugally. The renal response to each of these stimuli was 
recorded. From 16 hr 40 min the dog P, received a continuous intravenous 
injection of 10 zg/min adrenaline. Its inst pressure was unchanged. How- 
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ever, when the two initial stimuli were repeated at 16 hr 50 min and 16 hr 
52 min the renal vasomoter responses were more pronounced. The third test 
was made during an injection of 0-5 mg/min adrenaline which was begun at 
17 hr 3 min and caused a sustained rise of blood pressure in the dog P,. 
At 17 hr 5 min and 17 hr 12 min the renal vasomotor responses to acety]- 
choline and to splanchnic stimulation were much smaller than at 16 hr 50 min 
and 16 hr 52 min. Further tests at 17 hr 24 min and 17 hr 25 min showed 
that the reduced synaptic activity persisted during the phase of hypotension 
in dog P, which followed the adrenaline hypertension. 

Fig. 4 shows an experiment in which the adrenal gland of dog B was 
denervated before perfusion. Here the effect of 10 ug acetylcholine injected 
near the adrenal gland caused a contraction of the spleen in dog A which was 
increased when | yg/kg/min of adrenaline was given to dog P and still further 
increased when dog P received 4 yg/kg/min. 

It was of interest to know whether noradrenaline would have the same 


action as adrenaline on synaptic and neuro-medullary transmission. This was 
‘investigated in the experiment shown in Fig. 5. Dog B, in which the left 


adrenal gland and coeliac plexus were perfused from dog P, and the left kidney 


from dog P,, was submitted at 16 hr 10 min to the stress of anoxia lasting for 


45 sec. The arterial pressure rose, and the perfused organs received normal 
physiological nervous stimuli as a result of the hyperactivity elicited in the 
vasomotor centres by the anoxia. The kidney showed a sudden decrease in 
volume, and the adrenal gland reacted so that the spleen of dog A contracted. 
From 16 hr 29 min the dog P, , from which the coeliac plexus and adrenal gland 
were perfused, received 4 »g/kg/min noradrenaline; its arterial pressure rose. 
The kidney, perfused from dog P,, dilated as a result of the effect of the 
hypertension on the perfused aortico-adrenal zone; the distension of this 
region causes renal vasodilator reflexes (Malméjac & Chardon, 1951). At 
16 hr 31 min anoxia induced in dog B produced renal vasomotor constriction 
and secretion of sympathin which were more marked than at 16 hr 10 min. 
When the injection of noradrenaline was discontinued at 16 hr 44 min, the 
arterial pressure fell and the volume of the perfused kidney diminished. Thus 
adrenaline and noradrenaline acted in exactly the same way and in similar 
doses on synaptic transmission. 


In some experiments the effect of a high dose of adrenaline was tested first, 


and that of a low dose later. The results showed that the depressed synaptic 
transmission seen in the presence of high doses of adrenaline was not due to 
fatigue of the ganglion as the experiment was prolonged. 


Dissociation of the central and peripheral effects of adrenaline on ganglia and | 


on the adrenal gland. This dissociation is particularly necessary because the 


central nervous tonus is reduced as the result of an injection of adrenaline, — 


both through the depressor zones of the aorta and sinus and by a central 
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Fig. 5. Adrenal gland and coeliac plexus perfused in situ. In dog B the left adrenal gland and left 


coeliac plexus, vascularly isolated but normally innervated, are perfused in situ from a dog P,. 
The efferent blood from the adrenal gland is transfused into dog A, which is used to register 
the activity of the gland. The left kidney of dog B, perfused from a dog P,, is used to test the 
vasomotor response, At 16 hr 10 min a brief anoxia in dog B induces, by a central mechanism, 
a constriction of the kidney and a discharge of sympathin. At 16 hr 29 min the dog P, 
receives 4 yg/kg/min noradrenaline intravenously. Its aiterial pressure rises; by a reflex 


_ mechanism (due to distension of the perfused aortico-renal zone) the left kidney of B (per- 


fused from P,) dilates. At 16 hr 31 min the vasomotor effects and sympathin secretion in 
response to anoxia in dog B are increased. At 16 hr 44 min, at the end of the noradrenaline 
infusion, the perfused kidney returns to its initial volume. Expt. of 22 December 1952: 


dog B, 3, 13 kg, chloralosed; A, 2, 7 kg, chloralosed, adrenalectomized; P,, 3, 13 kg, 
chloralosed; P,, 3, 7 kg, chloralosed. 
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action. This has already been discussed with regard to the vasomotor centres 
(Gayet, Gayet & Guillaumie, 1927; Tournade & Malméjac, 1933; Tournade, 


1933; Heymans, 1929, 1933; Nowak & Samaan, 1935). The extent to which _ 


the centres controlling adrenal medullary secretion are sensitive to the presence 
of adrenaline is shown in the experiment illustrated in Fig. 6. 

In a dog B undergoing perfusion in the region of the adrenal and kidney, 
the right carotid sinus was removed and the two vagi were cut in the neck. 
The left carotid sinus was isolated and artificially perfused with pure heparin- 
ized and oxygenated blood. At 19 hr 7 min (Fig. 6), 6 min after the beginning 
of the injection of 2 ug/kg/min adrenaline into dog B, the pressure in the 
perfused carotid sinus was lowered. This caused only a slight increase in the 
secretion of adrenaline by the perfused adrenal gland. On the contrary, the 
resulting reflex hyperactivity of the vasomotor centres is normal, and it 
causes constriction of the perfused kidney. 

In the same experiment the effect of clamping the adrenal ‘avlak ana- 
stomosis was compared during and after the injection of adrenaline. The 
response to this stimulus was less during the adrenaline injection (19 hr 3 min) 
than after it (19 hr 20 min). 


DISCUSSION 


The amounts of adrenaline which augmented synaptic transmission were of 
the same order as those which normally occur in the circulation of the 
chloralosed dog. In the experiment shown in Fig. 3, 10 wg/min, or about 
0-5 ug/kg/min, augmented transmission; a similar amount was stated by 
Hermann et al. (1937) to be normally secreted in a dog under chloralose. Both 
adrenal glands had been removed from the dog P, which received this injection. 
In Fig. 4 augmentor effects were seen to occur with doses of 1 and 4 wg/kg/min. 
Tournade & Chabrol (1923) found 4 yg/kg/min in the circulation of a dog 
after stimulation of the splanchnic nerve for 1 min. The augmentor effect of 
physiological amounts of adrenaline is further illustrated by the following 
experiment (Malméjac et al. 19516). The right adrenal gland was removed 
from a dog B and its left adrenal perfused from a dog P,. The secretion of the 
perfused adrenal gland passed into the circulation of a dog A, where its effects 
on the spleen and carotid pressure were recorded. If the adrenal jugular 
anastomosis was clamped for 30 sec before commencement of the perfusion 
from dog P,, the classic response was seen, namely a fall in arterial pressure 
and dilatation of the spleen in dog A. Perfusion of the adrenal from dog P, 
was then started. When clamping of the anastomosis was repeated it produced 
much more marked effects in dog A. Both adrenal glands were next removed 
from dog P,; clamping of the anastomosis now had a reduced effect. Finally, 
0-5 g/kg/min adrenaline was injected into P,, and the effect of clamping the 
anastomosis returned to its normal value during the injection and for some 
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ig. 6. Adrenal-renal region perfused in situ. The left adrenal-renal region of a dog B is perfused 

in situ from a dog P. In dog B, both Cyon-Ludwig depressor nerves and the Hering sinus 
inhibitor nerve on the right side are cut. The left carotid sinus is vascularly isolated and 
artificially perfused. From 18 hr 57 min dog B receives 2 yg/kg/min adrenaline intra- 
venously, Its arterial pressure progressively rises. The activity of the perfused adrenal gland 
is lessened: the spleen of dog A is dilated and clamping of the anastomosis at 19 hr 3 min 
gives responses which are smaller than those at 19 hr 20 min, when the injection of adrenaline 
into dog B has been interrupted for 8 min. At 19 hr 7 min the pressure in the perfused 


carotid sinus is reduced: the arterial pressure again rises in dog B, ste eta 
perfused from P, begins to show vasoconstriction. However, the sympathbi 


reaction is very slight. At 19 hr 12 min the injection of adrenaline into dog Bi is Sot. its 
arterial pressure falls and the activity of the adrenal gland increases: the spleen of dog A 
contracts and its arterial pressure rises. Clamping of the adrenal-jugular anastomosis at 


19 hr 20 min produces normal effects. Expt. of 7 January 1955: dog B, ¢, 9-8 kg; A, 6, 
5 kg, adrenalectomized; P, 3, 12 kg. 
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minutes after it was stopped. Thus under normal physiological conditions the 
adrenaline secreted by the adrenal medulla contributes to the maintenance of 
nervous and humoral sympathetic activity. 

The dose of adrenaline which depressed synaptic activity was 500 ug/min 
(Fig. 3), or 22 wg/kg/min, an amount much greater than that secreted by the 
adrenal gland. 

The augmentor action of adrenaline on the ganglion and the adrenal gland 
was dependent on the conservation of the preganglionic innervation of these 
structures and on the maintenance of central tonus. It was only seen when 
the splanchnic nerve was stimulated artificially (as pointed out by Biilbring 
et al. 1948) or when the centres controlling medullary secretion were made 
hyperactive, or by local injection of acetylcholine. The ‘paralytic’ (resting) 
secretion of the adrenal gland (Hermann et al. 19376; Cornut, 1937; Galloni, 
1937) is not increased under the influence of small doses of adrenaline. If the 
central tonus diminishes, the local effect of adrenaline is also reduced. Thus, 
even with small doses of adrenaline, homoeostasis of autonomic and especially 
of adrenal medullary activity are assured. When exogenous adrenaline is given 
in low doses it acts simultaneously on the whole regulatory mechanism of 
sympathin secretion. The homoeostasis of medullary activity is affected less by 
the peripheral actions of these doses of adrenaline (considered by Marrazzi) 
than by the variations in central regulatory tonus, which react with remark- 
able precision to the level of adrenaline in the circulation. This was confirmed 
by excluding that part of the regulation due to depressive and aortic zones. 
Similar considerations apply to the vasomotor centres, but higher doses of 
adrenaline were required under the same experimental conditions (Hig. 6) for 
the reduction of their tonus. 

These results show how important it is to eliminate central inhibitory 
influences when attempting to demonstrate the local augmentor action of 
adrenaline on ganglia and on the adrenal gland. This has been our aim in our 
experiments in which the adrenal gland and coeliac plexus were perfused in 
situ. Such localization of the action of adrenaline is also possible using electro- 
physiological methods, that is, by artificially stimulating the preganglionic 
fibres and recording the postganglionic action potentials (Marrazzi & Marrazzi, 
1947). Our methods possess the advantage of being under strictly physiological 
conditions, and achieve the vascular dissociation necessary for localization of 
the action of adrenaline on the ganglion and the adrenal gland, while these 
structures remain under their normal nervous control. 

The effect of the injected adrenaline on the blood supply of the perfused 
organs must be considered. Under the conditions of our experiments, small 
doses of adrenaline (0-5-1 ug/kg/min) usually cause the output of the adrenal 
vein to increase by 30-40%, through a distensor mechanism due to mild 
hypertension in the perfusor dog. A secondary local dilator action of the 
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adrenaline is not excluded. Higher doses, such as 2-3 are which also 
enhance synaptic activity or the postganglionic effect of acetylcholine, often 
reduce the adrenal output when the hypertension in the perfusor dog is not 
too high. Changes in the adrenal perfusion do not therefore appear to account 
entirely for the enhancing action of small doses of adrenaline. Moreover, the 
secretory activity of the adrenal gland is mneny — of its blood flow 
(Malméjac & Chardon, 1950). 

However, large doses of adrenaline, such as 1 mg given intravenously to the 
perfusor dog, may cause profound disturbances of the adrenal perfusion. The 
output of the adrenal vein increases as hypertension begins, but falls to one- 
third or one-quarter of its initial value in the secondary hypotensive phase, 
during which the changes in synaptic transmission are seen. Doses of 1-3 yg, 
if injected intra-arterially near the adrenal gland or the coeliac plexus, cause 
strong and persistent vasoconstriction. It was by injecting 1 yg of adrenaline 
directly into the vessels of the superior cervical ganglion of the cat that 
Paton & Thompson (1953) demonstrated its antagonism towards acetylcholine. 
These doses are large compared with those which we gave intravenously to 
augment synaptic transmission. If it is assumed that the blood of a dog 
weighs one-thirteenth of its whole body weight, then the doses of 1 and 


4 pg/kg/min which we gave intravenously to the perfusor dog would reach 


the perfused adrenal gland in concentrations of about 1/200 or 1/25 yg/ml. 
Even when there is intense vasoconstriction the interpretation remains open 
to doubt. It was mentioned by Marrazzi & Marrazzi (1947) and was confirmed 
by ourselves in 1951 that very prolonged circulatory arrest is necessary 
before synaptic transmission in the ganglion is affected. Disturbances 
of adrenal secretion in ischaemia of the gland are more likely to be due 
to failure of output of the substances synthesized than to ee | 
failure. 

How then may the opposing results and different conclusions of various 
authors be explained? Their experimental conditions have varied greatly. 
Factors which have differed are: the animal used (cat or dog); the recording 
method (electrophysiological or pharmacological); the stimuli (preganglionic 
or central); and the dose of adrenaline and its method of injection. The time 
at which the effects were observed must also be considered. Posternak & 
Larrabee (1950) observed a diminution in transmission at the ganglionic 
synapse a short time after release of the occlusion of the thoracic aorta. 
Marrazzi & Marrazzi (1947), who recorded postganglionic action currents, 
stated that the depressant effect of small doses of adrenaline never lasted more 
than 1-2 min and was followed by a more prolonged phase of facilitation. Our 
observations of the augmentation of synaptic activity, which have been made 
during the continuous injection of small doses of adrenaline for long periods, 
may therefore represent the second phase of facilitation. 
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If this is so it is necessary to determine the relative importance of the two 
phases, reduction and augmentation, of synaptic activity. The experiments 
described in this paper show that with doses of adrenaline equal to physio- — 
_ logical amounts, the second phase may persist for very long periods and may 
continue for several minutes after the end of the injection. It seems therefore 
that under physiological conditions the secondary phase of facilitation shown 
by Marrazzi & Marrazzi (1947) is the dominant effect. It is only with high 
doses of adrenaline, such as those which occasionally occur under physiological 
conditions in the cardiovascular regulation of blood pressure, that synaptic 
depression in the ganglia and neuro-medullary junction is clearly exerted and 
prolonged. But in this case the central influence of the adrenaline will already 
have reduced the vasomotor and sympathin-secretory nervous tone. ‘ Acci- 
dental’ hyperadrenalinaemia is self-correcting. 

A comparison may be made with the defatiguing and decurarizing actions 
of adrenaline on striated muscle (Brown, Biilbring & Burns, 1948). Various 
hypotheses have been suggested to explain this complex phenomenon (Torda & 
Wolff, 1946): they include reduction of serum cholinesterase (Tsuji, 1932) and 
changes in the extracellular concentration of potassium. It has also been 
suggested that adrenaline, by favouring the production of lactic acid and the 
reconstitution of phosphagen (Nachmansohn, Waizer & Lipmann, 1936), causes 
changes in the effector apparatus which increase its sensitivity to acetylcholine. 

Now the ‘metabolic’ activity of adrenaline, as has recently been re-affirmed- 
by Celander (1954) is seen with very low concentrations, below those required 
to contract smooth muscle. May this not account for the modified activity, 
not only in striated muscle but also in the postganglionic neurones and in the 
chromaffin cells of the adrenal medulla? 

One fact is certain: when small doses of adrenaline are given by continuous 
injection and their effects tested by physiological reactions, a favourable effect 
is exerted for a prolonged period on the autonomic ganglia and the adrenal 
gland when these are under the influence of the central vasomotor and 
sympathin-secretory centres. This action is exerted on the postganglionic 
elements (neurones or chromaffin cells) and modifies their activity in response 
to either exogenous acetylcholine or preganglionic stimulation. 

The same effects are seen on the ganglionic synapse as on the neuro- 
medullary junction. This strengthens the theory of the functional identity of 
these two structures and throws light on the way in which physiological doses 
of adrenaline act. In such doses it appears to be a reinforcing agent of 
sympathetic activity, through its action on the autonomic Missile and on the 
adrenal gland. 
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SUMMARY 
1. The adrenal gland and coeliac plexus of a dog under chloralose were 
perfused in situ. Adrenaline was given intravenously to the perfusor dog or 


_ intra-arterially near the perfused gland or ganglion. 


2. When the perfusor dog received continuous intravenous injections of 
small doses of adrenaline, 0-5-4 ug/kg/min, synaptic transmission and neuro- 
glandular transmission were clearly increased. These doses of adrenaline also 
augmented the effects of very small doses of acetylcholine applied locally to 
the ganglion and the gland. 7 

3. Higher doses of adrenaline (12-15 yg/kg/min, or single doses of 0-25-1 mg 
in dogs of 12-15 kg), reduced both ganglionic and neuro-medullary trans- 
mission and also reduced the local effects of acetylcholine. 

4. The increased and decreased effects were observed during the first 
minutes after the continuous injection began, and persisted until after the end 
of the injection, when they disappeared gradually. 

5. Vascular changes in the perfused gland during the continuous intra- 
venous injection of adrenaline do not explain the augmentation observed with 
small doses of adrenaline. : 

6. The effects are exerted through changes in the excitability of post- 
ganglionic structures (neurones or chromaffin cells). Adrenaline may act on 
these structures by affecting their metabolism. 

_ 7. When adrenaline is present in the circulation in excessive amounts, and 
when the arterial pressure is elevated, a central homoeostatic mechanism 
reduces adrenal medullary activity and vasomotor activity. 

8. The chromaffin cells of the adrenal medulla are functionally comparable | 
with postganglionic neurones. The neuromedullary junction is similar to 
a ganglionic synapse. Possible disturbances of neuromedullary transmission 
must be borne in mind in pharmacological and physiological studies of the 
activity of the adrenal medulla. — 

I thank Dr M. L. Tainter and the Sterling-Winthrop Co. in Paris for the t-adrenaline and 
L-noradrenaline. 
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A variety of sensory receptors appear to be sensitive to acetylcholine in that 
the application of this drug to the region of the sensory endings has resulted 
in the appearance of impulses in the corresponding sensory nerves. In mam- 
mals this acetylcholine-sensitivity has been demonstrated for chemoreceptors 
of the carotid body (Kuler, Liljestrand & Zotterman, 1941), mechanoreceptors 
in the skin (Brown & Gray, 1948; Douglas & Gray, 1953) and thermal receptors 
in the tongue (Dodt, Skouby & Zotterman, 1953); and also for stretch receptors 
in crustacean muscles (Wiersma, Furshpan & Florey, 1953). There is suggestive 
evidence that the phenomenon extends to pain endings also (Skouby, 1951; 
Armstrong, Dry, Keele & Markham, 1953). Some of the receptors studied 
showed further pharmacological features similar to those found at autonomic 
ganglia, in that the effects of acetylcholine were paralleled by nicotine and 
were prevented by previous application of drugs of the ganglion-blocking type; 
such block did not, however, appear to interfere with the normal functioning 
of the receptors concerned (Brown & Gray, 1948; Douglas & Gray, 1953; 
Douglas, 1952), The experiments to be described, performed on the isolated 
perfused carotid sinus of the cat, show that the pressure receptors also behave 
in this way. Quantitative evidence is presented which supports the view that 
acetylcholine has no role at pressure endings analogous to that at autonomic 
ganglia and motor end-plates. 

A preliminary account of this work has already been published (Diamond, 
1953). A paper by Landgren, Skouby & Zotterman (1953) on the acetylcholine- 
sensitivity of pressure receptors has since appeared; these workers do not 
describe the effects of blocking agents, and in some respects their interpretation 
of the effects of acetylcholine differs from the present one. A further report has 
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METHOD 


Dissection. The experiments were performed on forty-one carotid sinuses taken from cats anaesthe- 
tized with chloralose (0-08-0-1 g/kg) or a mixture of chloralose (0-05 g/kg) and urethane (0-5 g/kg). 
The carotid sinus nerve was dissected free in the usual manner, and the central end cut. Near the 
carotid body the nerve divides into a number of branches, one or two of which can be followed up 
to the sinus wall. By sectioning all but one of these branches a preparation with only one or a few 
functional pressure receptor fibres was obtained. When this was not practicable the conventional 
technique of progressive nerve thinning with frequent testing was used. In order to isolate the 
common and external carotids and sinus region completely from the surrounding tissue, all un- 
wanted vessels, including many small ones emerging from the carotid body, were divided between 
ligatures. In a few experiments, after dissection of a nerve branch right up to the sinus wall, the 
carotid body itself was ligated and removed, leaving a functioning pressure receptor preparation. 


es 


% Water jackets 

Sinus 

= Preparation bath 
(warming coil not shown) 


Fig. 1. Diagram of the apparatus. 


It was usual to administer heparin (500-1000 i.u./kg) to the animal about 4-1 hr before cannula- 
tion. The common and external carotids were cannulated with cannulae made from hypodermic 
syringe needles. The cannulae formed part of the perfusion system described below, and were 
clamped in special holders attached to the arm of a Brown-Schuster myograph stand, The sinus 
and its nerve were then freed from the neck and transferred to a bath containing pardeiogce! 
saline and liquid paraffin. 

Perfusion system. Phe were contained in-two Massotte bottlee from 
pulley (Fig. 1). The fluid passed through glass coils surrounded by water jackets just before 
entering the sinus, and escaped beyond the sinus through one arm of a T-piece whose other arm was 
connected to a mercury manometer. The pressure and rate of flow were varied by altering the 
height of the bottles and by controlling the size of the outflow resistance by means of a screw clip. 
It was found that the frequency of discharge of a single sensory unit at a given perfusion pressure 


was not significantly different from that when flow was stopped, the pressure being adjusted to the 
same value. 
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The temperature, which was recorded with a mercury thermometer placed alongside the sinus, 
was controlled by means of a constant temperature reservoir from which water was pumped round 
a circuit including the water jackets and a coil lining the preparation bath. Using this method 
variations in temperature did not exceed +1-0° C. 

Recording. The procedure for recording action potentials was the same for both whole and 
reduced nerves. The cut end of the desheathed nerve was laid on one of a pair of bright platinum 
electrodes, the other of which lay alongside the sinus wall. The preparation was earthed through 
the metal outflow cannula. The electrodes were attached to the arm of the myograph stand as were 
the cannulae; the preparation and electrode assembly were raised into the liquid paraffin layer 
when recording and lowered into the saline when the nerve required moistening. This arrangement 
also allowed any leakage from the sinus to drain downwards, thus preventing shunting between the 
electrodes. Some leakage usually occurred after a few hours’ perfusion, but results were not affected 
at those times. 

The action potentials in the sinus nerve were amplified with a balanced amplifier having an 
input resistance of 2 MQ; the frequency band width was reduced until the signal to noise ratio was 
maximum. The signals were displayed on the screen of a cathode-ray oscilloscope which was 
photographed on moving paper. 

Injections. Injections were made into a short side arm near the inflow cannula (Fig. 1). They 
varied in volume from 0-5 to 1-2 ml., and were completed in less than 1 sec. The bulk of the 
injected material took 2-20 sec to reach the sinus, according to the rate of flow and rapidity of 
injection; the oscillations of the mercury column due to the pressure pulse oan by the injection 
ceased in less than 3 sec. 

Solutions. The perfusion fluid used was based on that of Krebs & Henseleit (1932), and made up 
as follows: KCl, 0-426 g; CaCl,, 0-282 g; MgSO,.7H,O, 0-294 g; NaH,PO,.2H,0, 0-183 g; NaCl, 
6-87 g; NaHCO,, 2-1 g; glucose, 1-0 g; H,O to 1 |.: the solution was equilibrated with oxygen or 
nitrogen containing 5-6 % CO,, giving a pH of 7-4. 

In many experiments the calcium content was halved, since that of plasma is considered to be 
only half in a free diffusable state (Updegraff, Greenberg & Clark, 1926). A few preliminary experi- 
ments indicated that although quantitatively the responses of the pressure receptors increased as 
the calcium was reduced, qualitatively the effects of both pressure and drugs were unchanged. 

Drugs were dissolved either in the same, or in0-9 % NaCl solution, and injected at the temperature 
of the perfusion fluid, The drugs used were: acetylcholine iodide; nicotine tartrate; hexamethonium 


bromide; tubocurarine chloride; eserine sulphate; atropine sulphate; adrenaline mysroghioriie; 


dihydroergotamine 


RESULTS 

Characteristics of the preparation. In most preparations the receptors re- 
mained active for 6-12 hr. The only obvious change in their behaviour with 
time was a tendency for the threshold pressure—i.e. the lowest steady pressure 
producing a maintained impulses discharge—to rise. This did not occur in all 
preparations. In a few preparations the behaviour of receptors altered early 
in the experiment and only rapid peeenne rises excited impulses; these 
preparations were discarded. 

The impulse frequency of single sensory units adapted to a constant value 


within 1-1} min after the pressure became constant, and altered only slightly © 


whilst the steady pressure was maintained; this sometimes exceeded 1 hr. 

Their behaviour has been studied only during this state of equilibrium. The 

relation between the intrasinusal pressure and the impulse frequency from a 
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single sensory unit is shown by the pressure-frequency graph for that unit. 
When such graphs were repeated at different times for the same sensory unit 
there were usually variations between them. These variations were not related 
to time, and there are indications that they were due to slow variations in the 
tone of the sinus wall. | | 

The range of pressure-frequency graphs and the behaviour of the receptors 
during maintained constant pressures agree with the results obtained by 
Landgren (1952a) from blood-filled sinuses in situ. 

Fig. 2 shows the pressure-frequency graphs of a single sensory unit at four 
different temperatures. The effect of reducing the temperature was to increase 
the threshold pressure and flatten the curve. At room temperature most 


38°C 

§ 32°C 

21°C 
60 100 140 180 220 260 


Pressure, mm Hg 


Fig. 2. Effect of reduction of temperature on the pressure-frequency graph of a single. 
sensory unit. Ordinate, impulse frequency. Abscissa, pressure. 


receptors did not respond to steady pressures. The effects were fully reversible. 
Tests for chemoreceptor activity. The technique of isolating the sinus was such 
as to produce severe trauma of the carotid body. Chemoreceptor activity was 
tested for before cannulating by occluding the common carotid below the 
sinus during asphyxiation of the animal. A continued absence of nerve activity 
indicated freedom from chemoreceptor interference. 
If chemoreceptor activity was revealed, nerve branches to the carotid body 


were crushed until subsequent tests were negative. 


Occasionally the carotid body was removed completely, and Jater identified 
histologically. This does not however exclude the possibility of glomus tissue 
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being present in the sinus wall, an occurrence which has been demonstrated 
histologically in some species (Meijling, 1938). The behaviour of the pressure 
receptors was not detectably altered by severe O,-lack. 


Effects of excitant drugs 
Acetylcholine. Injections of acetylcholine in adequate doses increased the 
activity in the sinus nerve. Apart from a momentary increase during the 
injection the intrasinusal pressure remained constant. Fig. 3 (a) and (6) show 


Fig. 3. Sinus nerve activity in an isolated preparation. Perfusion fluid contained atropine 
10-* g/ml. Flow 10 ml./min. Intrasinusal pressure as follows: (a) 93 mm Hg, (6) 215 mm Hg, 
(c) 93 mm Hg, 10 sec after injection of 0-5 ml. of 0-99 NaCl solution, (d) 93 mm Hg, 10 sec 
after injection of 0-5 ml. of a 10-* g/ml. saatvbhadian oli, time, 345. sec. 


the sinus nerve activity at two different steady pressures. After an injection 
of 0-5 ml, acetylcholine (10~* g/ml.) the frequency of the largest spike rose 
from 15 to 27/sec, and there was a massive increase in the number of small and 
medium spikes (Fig. 3d). A control injection of saline was ineffective (Fig. 3c). 
It can be seen that the acetylcholine record differed from that resulting from 
high pressure in that it consisted mainly of small spikes. This record was <b ase 
of most obtained from the whole sinus nerve. __ 

Nicotine. The effects of nicotine were similar to those of acatplchialine, the 
threshold doses required, i.e. the lowest amounts which would produce a 
discharge, being about the same for either drug. The discharge of impulses 
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resulting from an injection of nicotine, like that after acetylcholine, included 
a majority of small spikes. | 

Evidence of activity in fibres of pressure-receptor origin. Although it could 
be shown that chemoreceptors were not responding during anoxia, acetylcholine 
might still have produced impulses in chemoreceptor fibres by acting on a 
different part of the sensory pathway from that affected by O,-lack. The proof 
that acetylcholine gave rise to impulses in fibres from pressure receptors was 
given by recording the activity in single fibres of known origin. It was assumed 
that only one fibre from pressure receptors was active if the spike height was 
constant, the impulse frequency regular during constant pressure, and analtera- 
tion of pressure affected only this frequency. Fig. 4 shows records of activity 
in a preparation from which a histologically identified complete carotid body 


Fig. 4. Sinus nerve activity in isolated preparation (carotid body removed). Flow 15 ml./min. 
Records begin 9-5 sec after injection. (a) Pressure 25mm Hg, 0-5 ml. saline, (b) Pressure 
25 mm Hg, 0-5 ml. acetylcholine 10 g/ml., (c) Pressure 111 mm Hg, 1-0 ml. saline, (d@) Pressure 
111 mm Hg, 1-0 ml. acetylcholine 10-* g/ml., time #5 sec. See text for explanation. 


had been removed. The threshold pressure of the sensory unit giving rise to the 
large amplitude potentials was 88 mm Hg. During a steady pressure of 25 mm 
Hg an injection of 0-5 ml. acetylcholine (10-* g/ml.) evoked a discharge of large 
spikes, and caused the previously irregular bursts of small spikes to fuse into a 
continuous discharge, whose frequency was 34/sec (Fig. 4b). The maximum 
frequency of the large spike during the response to acetylcholine, at a pressure 
63 mm Hg below its threshold, was 18/sec; this value was similar to that 
resulting from a steady pressure 23 mm Hg above threshold in the absence 
of acetylcholine (Fig. 4c). The activity when the pressure was 111 mm Hg 
was not altered by an injection of saline; after an injection of 1-0 ml. acety]- 
choline (10-° g/ml.) the frequencies of the large and small spikes rose from 
17/sec to 26/sec, and 31/sec to 38/sec respectively (Fig. 4d). The maximum 
frequencies of the responses to acetylcholine occurred at approximately the 
same time after the injection during both subthreshold and suprathreshold 


pressures. It is certain, therefore, that the activity evoked by acetylcholine 
was in the same fibres as the response to pressure. © 
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Acetylcholine and nicotine responses have also been obtained from three of 
six preparations of the common carotid region and the nerve described by 
Green (1953), which has been shown not to contain fibres from chemoreceptors. 
It has been possible to mount this preparation only a few times and the acetyl- 
choline responses were not readily obtained with it; this may be attributable 
to the inaccessibility of the pressure endings in this region. 

Even with identical rates of perfusion and closely similar rates of injection 
the threshold quantities of drugs needed to excite different fibres of the same 
or different sinuses sometimes varied by more than an hundredfold. The most 
sensitive receptors were excited by 0-5-1-0 ml. of a 10-* g/ml. solution of 
acetylcholine, the intrasinusal pressure being as much as 60-70 mm Hg below 
threshold. However, for many receptors it was necessary for the pressure to be 
fairly near threshold to obtain convincing responses, In about 15% of the 
experiments even very large doses of acetylcholine failed to excite any of the 
fibres producing the large spikes, although a discharge of small spikes was often 
obtained. There are, however, reasons to believe that some of these may have 
occurred in chemoreceptor fibres. 

Relation between amount of acetylcholine and the response. Examples of the 
frequency-time relationship of the activity evoked in a single fibre by acetyl- 
choline are seen in Fig. 5, which shows the results of three different injections 
of acetylcholine in the same preparation. There are two well-defined peaks of 
activity of which the first, due to the brief pressure pulse caused by the 
injection, is virtually identical for all three and was synchronous with the 
injection. It occurred whatever the nature of the solution injected and was 
separated from the effects of acetylcholine by an interval which depended on 
the amount injected, the rate of perfusion and the rate of injection; when these 
were constant responses did not vary greatly. When a fibre was firing at a steady 
frequency an injection of acetylcholine caused an acceleration of firing whose 
time course was similar to that of Fig. 5. 

The minimum interval between the injection and the beginning of the 
response depended chiefly on the time taken for the injected material to pass 
through the dead space. As the dose of acetylcholine was reduced (the injec- 
tion volume being constant) this interval increased, and there was a clear 
relation between the amount of acetylcholine injected and the latency (Fig. 6). 
This presumably is an indication of the time taken for the acetylcholine to rise 
to a stimulating concentration at the sensory terminal. A similar relation was 
observed between dose and the time to peak response (Fig. 6). 

Over a wide range increasing the amount of acetylcholine injected increased 
the maximum frequency reached, the duration of the response and the total 
response integrated with respect to time. Fig. 7 shows that over the range 
investigated the relation between dose and maximum frequency of response 
is approximately logarithmic. A similar relation holds for the total number of 
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0 t 5 10 15 20 25 30 
Time, sec 
Fig. 5. Single sensory unit. Relation between impulse frequency and time. Injection at arrow, 
relating to each of the three superimposed graphs. Intrasinusal pressure 36 mm Hg. Flow 
15 ml/min. Injection volume 1-0 ml. (@) 100yg acetylcholine; 30 ug acetylcholine; 
(©) 3g acetylcholine. For explanation see text. 
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Fig. 6. Relation between dose of acetylcholine and time from injection to beginning (©) and 
to peak (@) of response. Injection volume 1-0 ml. Intrasinusal pressure - mm Hg. Flow 
15 ml./min, Acetylcholine dose is plotted on a logarithmic scale, 
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impulses produced in the first 30 sec after the injection; in this instance it was 
impracticable to count impulses occurring beyond this time, but it will be seen 
from Fig. 5 that the bulk of the response was completed in 30 sec. The maximum 
frequency of impulses evoked by acetylcholine, even when the pressure was 
below threshold, sometimes equalled the maximum of which the sensory unit 
was capable during steady pressure, | 
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Fig. 7. Relation between dose of acetylcholine and response of single sensory unit. (@), total 
response in impulses (left-hand ordinate). (CQ), maximum frequency of response (right-hand 
ordinate). Injection volume 1-0 ml. Intrasinusal pressure 36mm Hg. Flow 15 ml./min. 
Acetylcholine dose is plotted on a logarithmic scale. For explanation of abscissa lower scale 
see text, 


The approximate dilution of injected material when it reached the sinus has 
been found by simple procedures. The abscissa of Fig. 7 has been scaled both 
in wg acetylcholine injected, and in pmoles per litre (lower scale); the latter 
scaling is based on a dilution of 1/3 and represents an upper limit for the con- 
centration reached in the sinus. 

Site of action of drugs. The possibility that the effects might be secondary to 
an action on the smooth muscle was excluded by the use of atropine, which 
prevents the effects of acetylcholine on smooth muscle elsewhere in the body 
(Dale, 1914). In the present experiments the responses evoked in a single fibre 
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by a given dose of acetylcholine was not significantly altered, either in magni- 
tude or in time course, when the perfusion fluid contained atropine in a con- 
centration of 10-> g/ml. 

Moreover, the increase of pressure receptor activity resulting from an injec- 
tion of adrenaline, which acts by increasing the smooth muscle tone (Heymans 
& Delaunois, 1951; Landgren, 19526, Landgren, Neil & Zotterman, 1952), had a 
latency as much asfive times that of the acetylcholine-evoked response (Fig. 82) 
the rate of rise was also considerably slower. 

Acetylcholine might conceivably act at synapses of the isolated ganglion cells 
known to occur in this region; the release of adrenaline or noradrenaline from 
their axon terminals might then increase the tone of the arterial smooth muscle 
enough to excite the pressure receptors (Landgren, et al. 1952). However, as 
indicated above, the differences in the time courses of the responses to acetyl- 
choline and to adrenaline make this explanation improbable (Fig. 8a). The 
effects of an adrenolytic agent confirmed the impression that sympathetic 
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Fig. 8. Time course of response of a single sensory unit to an injection of acetylcholine (@) and 
adrenaline (©). Injection made at arrow for both drugs; graphs superimposed. Intrasinusal 
pressure 10 mm Hg below threshold. Flow 15 ml./min. Injection volume 1-0 ml. (a) acetyl- 
choline 30 ng; adrenaline 1-0 mg; normal perfusion fluid. (b) acetylcholine 10g; adrenaline 
1-0 mg; perfusion fluid contained 2 x 10-* g/ml. dihydroergotamine. Time is plotted on a 
logarithmic scale. 


stimulation was not responsible for the excitant action of acetylcholine. The 
response that followed an injection of adrenaline was completely abolished when 
the perfusion fluid contained dihydroergotamine, a substance known to block 
the effects of sympathetic stimulation elsewhere; the response to acetylcholine 
was not diminished (Fig. 86). It is concluded, therefore, that the actions of 
acetylcholine and of nicotine were directly on the terminal sensory pathway. 


Effects of blocking drugs 
Hexamethonium, An injection of 0-5-1-2 ml. of hexamethonium 10-* g/ml. 
prevented excitation by a succeeding injection of acetylcholine or nicotine. 
The minimum concentration of hexamethonium in the perfusion fluid necessary 
to block completely the effects of a threshold dose of acetylcholine or nicotine 
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varied from 10-* to 10-* g/ml. In most experiments this same concentration 
of hexamethonium also blocked the effects of a dose of acetylcholine 10 times 
larger than the threshold. An example of this is seen in Fig. 9, made from a 
preparation containing a single active fibre. In many experiments even an 
acetylcholine dose 100 times the threshold was blocked by this minimum 
effective hexamethonium concentration; when the latter was increased ten 
times an injection of 1% acetylcholine solution often failed to excite. 


Fig. 9. Impulses from single sensory unit. Intrasinusal pressure in (a) (6) and (c) 60 mm Hg. In (b) 
perfusion fluid contained hexamethonium 10~* g/ml.. Flow 10 ml./min. (a) 9 sec after 
injection of 1-0 ml. 10-* g/ml. acetylcholine solution; (b) 9 sec after injection of 1-0 ml. 10-*g/ 
ml, acetylcholine solution; (c) 9 sec after injection of 1-0 ml. 10~* g/ml. acetylcholine solution, 
after recovery from hexamethonium (see text for explanation), time, 745 sec. _ 


The effects of hexamethonium were extremely difficult to reverse. In the 
majority of experiments it was necessary to perfuse for at least 30-40 min and 
often as long as 1} or more hours with a hexamethonium-free solution before 
the response to acetylcholine returned. The block did, however, appear to be 
fully reversible, though the long times involved make a quantitative compari- 
son between the response to a given dose of acetylcholine before hexametho- 
nium and after recovery difficult. Fig. 9c is a record of impulses evoked by 
acetylcholine in a preparation which had been perfused with hexamethonium- 


free solution for 1? hr after the block illustrated in b. There was an interval of 


nearly 4 hr between records a and c in Fig. 9, (c) being made some 6} hr after 
perfusion was begun. | 
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Tubocurarine. The potency of this blocking agent was similar to that of hexa- 
methonium. An injection of 1 ml. of tubocurarine (10-* g/ml.) abolished the 
effects of a succeeding injection of acetylcholine at least ten times the threshold 
dose, 

Acetylcholine. In a few experiments a response to a sascha injection of 
acetylcholine could not be obtained during a period lasting 1-4 min after the 
_ first response. The effect was more obvious when the initial acetylcholine. dose 
was well above threshold and the rate of perfusion low. However, in many | 
experiments even very large doses did not block the effects of a subsequent in- 
jection of acetylcholine. The potency of acetylcholine as a blocking agent was 
thus in no way comparable to that of hexamethonium or whMoutar ie | in the 
conditions of the present experiment. | 


Response to pressure during depression or potentiation of 
acetylcholine response 

The phenomena so far described might occur if the initiation of impulses at a 
pressure receptor involved chemical transmission such as occurs at auto- 
nomic synapses or skeletal neuromuscular junctions. An implication of this 
hypothesis would be that the part of the sensory pathway stimulated by 
injected acetylcholine would be identical with that normally excited by acety]- 
choline, and it would be expected that drugs which greatly modify the effects 
of externally applied acetylcholine should likewise modify the normal activity 
of the receptors. The response to pressure has therefore been investigated at a 
time when the effects of acetylcholine were (a) aattgieen: by blocking agents, 
and (6) potentiated by eserine. 

Blocking drugs. When the effects of cick or nicotine were abolished 
by either hexamethonium, tubocurarine or acetylcholine, the receptors still 
responded normally to pressure, This is indicated strikingly when the pressure- 
frequency graphs of a single sensory unit in the presence and in the absence of 
hexamethonium are compared; the variation between such graphs has never 
been greater than that usually found between graphs made from the same 
preparation at different times. This applied even when high concentrations 
of hexamethonium, e.g. 1%, were present; an injection of 1% acetylcholine 
solution was always ineffective in the presence of 1% hexamethonium, but it 
will be seen from Fig. 10 that the responses of a single sensory unit to steady 
pressures were not altered significantly from the responses obtained in a normal 
solution or a solution made equally hypertonic by the addition of glucose. 
There was a tendency for the threshold pressure to be lowered, by very high 
concentrations of hexamethonium, but not by the usual blocking levels 
(10-7-10-4 g/ml.). 

Fig. 11 shows the relation between the duration of a maintained pressure and 
the frequency of impulses from two sensory units in the same preparation. The 
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Fig. 10. Relation between pressure and impulse frequency of a single sensory unit. (©), normal 
perfusion fluid, (@), perfusion fluid contained 1% hexamethonium; (x), perfusion fluid 
contained extra glucose (see text for explanation). 
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Fig. 11. Relation between duration of a constant pressure and impulse frequency from two 
sensory units in the same preparation. Perfusion fluid contained 1% hexamethonium. First 
reading was taken 1} min after pressure, became constant (see text for explanation). _ 
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recording was begun after the frequency had reached a constant value and was 
continued for 1} hr; the preparation had already been perfused with 1%, 
hexamethonium for 1 hr. The firing rates at 14 min and 74 min after the 
pressure became constant were 42:5 and 38-0/sec respectively for the one sensory 
unit and 31:0 and 32-0/sec for the other. These frequencies do not differ 
significantly from those observed at a corresponding pressure before hexa- 
methonium was present. The response of the receptors to steady pressure in the 
presence of blocking levels of tubocurarine or acetylcholine were qualitatively 


x® 
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Fig. 12. Relation between pressure and impulse frequency from a single sensory unit. 
(x), perfusion fluid contained eserine 10~-* g/ml.; (@), normal perfusion fluid. 


unchanged ; moreover, the activity of receptors during a sudden rise of pressure 
appeared to be unaffected by blocking agents (quantitative measurements 
were not made), 

Atropine. Aithough the response to acetylcholine was unaffected by atro- 
pine the opportunity was taken to investigate the response to pressure in the 
presence of this drug. It was found that concentrations of atropine which 
block the muscarine-like effects of acetylcholine elsewhere (10-7-10~— g/ml.) 
did not detectably alter the pressure-frequency graphs of single sensory 
units. | 

Eserine. The presence of this anticholinesterase in the perfusion fluid 
potentiated the effects of an acetylcholine injection but not those of nicotine. 
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The most marked effect was on the threshold dose, which was often diminished 
in the presence of eserine 10-* g/ml. to a tenth or twentieth of that previously 
required to excite. This concentration of eserine, however, did not appreciably 
alter the response of the receptors to pressure (Fig. 12). A further indication of 
the failure of eserine to influence the response to pressure is that an injection 
of eserine (10-* g/ml.), made during a pressure only slightly below threshold 
did not induce a response as acetylcholine had done previously, nor did such 
an injection affect the frequency of impulses in a fibre rie discharging at a 
low rate. 
DISCUSSION 

These experiments have shown that the injection of acetylcholine or nicotine 
into the fluid perfusing the isolated carotid sinus causes impulses to appear in 
fibres from pressure receptors, even when the intrasinusal pressure is as much 
as 70 mm Hg below the threshold for the steady discharge. The effect is not due 
to stimulation of the smooth muscle in the sinus wall, because: (a) itis unaffected 
by atropine; (6) nicotine, in doses comparable to those used in the present: 
experiments, has no significant effect on arterial smooth muscle; (c) the response 
evoked by adrenaline, which does act by increasing smooth muscle tone, has a 
considerably greater latency and much slower rate of rise than the response to 
acetylcholine; and (d) acetylcholine dilates systemic arteries, and would be 
expected therefore to relax the sinus wall and thereby diminish pressure 
receptor activity, as has been found for the dilator substance NaNO, (Landgren 
et al. 1952; Landgren, 19526). Nor is the acetylcholine effective because it 


_ stimulates local sympathetic synapses, resulting in the release of adrenaline or 


noradrenaline from the post-ganglionic terminals, with subsequent smooth 
muscle effects, because (a) the responses to acetylcholine and adrenaline are so 
different, and (b) the response to acetylcholine was undiminished when that to 
adrenaline was blocked by an adrenolytic agent. 

It is concluded, therefore, that acetylcholine and nicotine excite impulses i in 
fibres from pressure receptors by a direct action on a peripheral part of the 
sensory pathway. 

It appeared that not all the mass response in a whole sinus nerve could be 
attributed to pressure receptors. Even when conventional tests had indicated 
that chemoreceptors were not functioning, the response evoked by acetylcholine 
or nicotine included many more small spikes than were seen in the response to 
steady pressures greater than 240 mm Hg; the small spikes usually appeared 
before and tended to outlast the large ones following an acetylcholine injection, 
and often less acetylcholine was required to produce them. Furthermore, a 
discharge of small spikes could often be ‘added’ by an acetylcholine injection 
to the steady response to constant pressures of about 250 mm Hg, when it is 
improbable that there were any pressure receptors not already firimg (Land- 
gren, 1952a). It is unlikely that these impulses arose in post-ganglionic fibres 
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from the ganglion cells known to occur in the region. The possibility that the 
extra impulses occurred in chemoreceptor fibres cannot be discounted. 
A chemoreceptor-sensitivity to acetylcholine and nicotine is well known, and 
it seems likely that acetylcholine, and O,-lack act at different sites (Hollinshead 
& Sawyer, 1945). It cannot be supposed that the sensitivity to acetylcholine 
will be abolished. when the chemoreceptors no longer respond to O,-lack. 
The amounts of acetylcholine often needed to excite the pressure receptors 
seem higher than those used to stimulate other sites sensitive to acetylcholine. 
Here, however, the situation is not comparable to those experiments in which 
the injection was ‘close arterial’. In the present experiments the injected 
substance must have been considerably more diluted when it arrived at the 
receptors and the rate of rise of concentration there must have been slower. 
Moreover, the proportion of the injected acetylcholine destroyed in the tissues 
before exciting would be greater. Even so in most experiments an injection of 
3x10 g of acetylcholine was quite effective, and as explained earlier a 
generous estimate of the peak concentration of acetylcholine achieved in the 
sinus after this injection would be 10- g/ml., or 37 zmole/1. On this basis many 


_ pressure endings have responded to intrasinusal concentrations of acetylcholine 


of less than 5umole/1., in the absence of an anticholinesterase, and to only a 
tenth or twentieth of this when eserine was present. These concentrations 
compare favourably with those used by Fatt (1950) to depolarize frog muscle — 
end-plates by immersion in an acetylcholine solution. The relative sensitivity 
to acetylcholine of the pressure receptors giving rise to large and small spikes — 
has not been assessed, although experiments involving a very few active fibres 
have shown that both types are excited by acetylcholine. 

The mechanism by which acetylcholine produces a discharge at the sensory 
endings is not known, but it does not appear to be related to the rate of recovery 
after an impulse or the occurrence of after-potentials, because activity was 
induced in a unit previously quiescent. It would seem that the relationship 
between the membrane potential and the critical potential was disturbed. 
This could occur either from a change in the critical level, as in a calcium-free 
solution, or by a depolarization. The latter seems the more likely in view of the 
known actions of acetylcholine elsewhere, and the evidence obtained by 
Jarrett (1955) from receptors in frog’s skin. In either case the process must be 
regarded as excitation of the sensory ending by acetylcholine. Katz (1950) has 
shown that the frequency of impulses from the muscle spindle is proportional 
to the local depolarization; Fatt (1950) found that the depolarization of the 
end-plate is proportional to the logarithm of the acetylcholine concentration 
in the working range. It is of interest, therefore, that the frequency of impulses 
from single pressure receptors was linearly related to the logarithm of the 
acetylcholine dose, a result supporting the hypothesis that acetylcholine acts 
by depolarizing the terminal membrane. The fact that acetylcholine sometimes 
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blocked the effects of subsequent injections of acetylcholine might suggest a 
depolarization block, which would appear incompatible with the observation 
that pressure still excited impulses. However, acetylcholine has been shown 
to block at the motor end-plate even after repolarization (Thesleff, 1955). Such 
a block might occur both at the pressure receptors and the mechanoreceptors 
studied by Brown & Gray (1948). The evidence suggests that summation occurs 
between the effects of mechanical and chemical stimuli applied together; a dose 
of acetylcholine which was ineffective when the intrasinusal pressure was low 
often excited when the pressure was brought near to the threshold for the 
particular sensory unit, and at a given pressure the frequency was increased by 
acetylcholine. The former may have depended in part on a greater circulation 
of fluid in the sinus wall resulting from the increased pressure, but it seems 
more likely that these results are due to the summation of effects at the sensory 
endings. 

The range of sensory endings which respond to acetylcholine or nicotine is 
now known to be considerable. As well as the sinus pressure receptors and 
carotid body chemoreceptors are receptors responding to touch (Brown & 
Gray, 1948; Douglas & Gray, 1953); stretch (Wiersma e¢ al. 1953); temperature 
change (Dodt et al. 1953); and probably also nociceptive stimuli (Skouby,1951 ; 
Armstrong et al. 1953). The pharmacological properties of some of these sensory 
endings have given rise to the suggestion that some form of cholinergic synapse 
may exist at sensory receptors (Landgren, Liljestrand & Zotterman, 1954; 
Hellauer, 1950). This suggestion relies mainly upon comparisons between the 
responses of sensory endings and those of autonomic ganglia. Examination of 
the pharmacological differences between the two sites indicates, however, that 


the evidence opposes such an interpretation, at least as applied to certain 


sensory endings (Brown & Gray, 1948; Douglas & Gray, 1953; Douglas, 1952). 
The present results from the sinus pressure receptors support the conclusions 
of the latter authors. The constant impulse frequency of single sensory units 
during steady pressure was not altered when excitation by acetylcholine or 
nicotine was prevented by hexamethonium or tubocurarine, even when the 
concentration of hexamethonium in the perfusion fluid was raised to 1% and 
maintained thus for hours. The responses during sudden pressure jumps 
appeared also to be unaffected by blocking agents. At autonomic ganglia and 
motor end-plates the abolition of the response to externally applied acety!- 
choline is always accompanied by severe impairment or complete cessation of 
function. Furthermore, eserine, in concentrations that potentiated the effects 
of injected acetylcholine, had no detectable effect on the response to pressure. 
Similar or smaller concentrations of eserine at sites where acetylcholine is 
known to have a physiological role invariably produce profound modification 
of function. It must be concluded that chemical transmission, analogous to 
that occurring at autonomic synapses and skeletal neuromuscular junctions, is 
34 PHYSIO, OXXX 
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not involved in the initiation of the response of the pressure receptors to 
mechanical stimulation. 

Broadly speaking there are two parts of the sensory pathway where the 
excitation by acetylcholine might occur; the nerve fibre throughout its length 
and the sensory ending. The evidence, as reviewed by Brown & Gray (1948), 
indicates that acetylcholine does not excite either peripheral nerve fibres or 
preganglionic terminals, which are morphologically similar to sensory terminals. 
It seems therefore that the sensory ending is specialized both with regard to the 
specific stimulus and to acetylcholine. There is good evidence from certain 
mechanoreceptors that the mechanical stimulus sets up a non-propagated 
potential at the sensory terminals (Katz, 1950; Alvarez-Buylla & de Arellano, 
1953; Gray & Sato, 1953). Such receptor potentials may occur at all sensory 
terminals during normal activity and the acetylcholine sensitivity may be 
related to those areas across which receptor potentials are generated and which 
are probably specialized to this end. Such an hypothesis would account for the 
diversity of sensory receptors which appear to be sensitive to acetylcholine. 
Whether or not the mechanism acted on by acetylcholine is related to that 
‘triggered’ by the specific sensory stimulus remains to be seen. The demonstra- 
tion by Biilbring (1954) that smooth muscle is depolarized by both acetyl- 
choline and mechanical stimulation is of interest in this connexion. 


| SUMMARY 
1, A method is described whereby the behaviour of pressure receptors in an 


isolated and perfused carotid sinus of a cat can be studied under controlled 


conditions. 

2. Under these conditions the receptors have remained active for more than 
11 hr. Their response to pressure was the same as those in blood-perfused 
carotid sinuses tm situ. 7 | 

3. The impulse frequency of single sensory units became constant within 
1} min of producing a constant intrasinusal pressure and remained unchanged 


or altered only slightly for as long as the pressure was maintained; this some- 


times exceeded 1 hr. The receptors have been studied during this state of 
equilibrium only. 

4. Reduction of temperature increased the threshold pressure and flattened 
the pressure-frequency curve of a single sensory unit. At room temperature 
most receptors did not respond to steady pressure. These effects were reversible. 

5, An injection of 0-5-1-0 ml. of 10-* g/ml. or stronger solution of acety]- 
choline or nicotine initiated a discharge of impulses in fibres from pressure 
receptors and increased the impulse frequency in fibres already active. 

The total number of impulses induced in a single fibre and the maximum 
frequency of this response were linearly related to the logarithm of the dose of 
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acetylcholine; the latency of the response and the time to maximum response 
were inversely related to the logarithm of the dose of acetylcholine. 

6. The results of various controls indicate that acetylcholine excites 
impulses by a direct action on the peripheral sensory pathway. 

7. The excitation by acetylcholine or nicotine was blocked when tubo- 
curarine or hexamethonium was present in concentrations of 10-7-10- g/ml. 
The minimum effective dose of acetylcholine was considerably reduced in the 


_ presence of eserine 10-* g/ml. 


8. When acetylcholine excitation was abolished or potentiated by these 
drugs the response of single sensory units to steady pressure, as indicated by 
pressure-frequency graphs and the stability of the impulse frequency, was not 
altered. This applied even in the presence of 1% hexamethonium. 

9. The evidence indicates that chemical transmission, analogous to that 
occurring at autonomic synapses and skeletal neuromuscular junctions, is not 
involved in the initiation of the response of the pressure receptors to mechani- 
cal stimulation. It seems that the sensory terminal is specialized both with 
regard to the specific stimulus and to acetylcholine excitation. The possible 
significance of this is discussed. 


- I am indebted to Dr J. A. B. Gray for his stimulating discussion of both the work and the 
manuscript. Prof. G. L. Brown, F.R.S., has a been source of helpful advice throughout. 

The histological identification of carotid body tissue was made by Mr A. Howe, to whom I am 
most grateful. Miss B. Williams provided invaluable technical assistance. 


REFERENCES 

ALVAREZ-BuyLia, R. & DE ARELLANO, J. R. (1953). Local responses in Pacinian corpuscles, 
Amer. J. Physiol. 172, 237-244. 

Armstrona, D., Dry, R. M. L., KEELE, C. A. & Marxuam, J. W. (1953). Observations on chemi- 
cal excitants of cutaneous. pain in man. J. Physiol. 120, 236-351. 

Brown, G. L. & Gray, J. A. B. (1948). Some effects of nicotine-like substances and their relation 
to sensory nerve endings. J. Physiol. 107, 306-317. 

Bitprine, E. (1954). Membrane potentials of smooth muscle fibres of the taenia coli of the 
guinea-pig. J. Physiol. 125, 302-315. 

Daux, H. H. (1914). The action of certain esters and ethers of choline and their relation to muscarine. 
J. Pharmacol. 6, 147-190. | 

Diamonp, J. (1953), The effects of acetylcholine on the pressor-receptors of the cat carotid sinus. 
J. Physiol. 122, 28-29 P. 

Dont, E., Sxousy, A. P. & Zorrmrman, Y. (1953). The effect of cholinergic substances on the dis- 
charges from thermal receptors. Acta physiol. scand. 28, 101-114. 

Dowtas, A. 8. (1954). Effect o ge org blocking agents, KC] and NaCN on carotid sinus presso- 
receptor fibre activity. Fed. Proc. 13, 37-38. 

Dove as, W. W. (1952). The effect of a ganglion-blocking drug, hexamethonium, on the response 
of the cat’s carotid body to various stimuli, J. Physiol. 118, 373-383. 

Dovexas, W. W. & Gray, J. A. B. (1953). The excitant action of acetylcholine and other substances 
on cutaneous sensory pathways and its prevention by hexamethonium and tubocurarine. 
J. Physiol. 119, 118-128. 

von Euuer, U. S., Lawsestranp, G. & Zorrerman, Y. (1941). Uber die Reizmechanismus der 
Chemorezeptoren i in Glomus caroticum. Acta. physiol. scand. 1, 383-385. 

Fart, P. (1950). The electromotive action of acetylcholine at the motor end-plate. J. Physiol. 111, 
408-422. 


34-2 


2” 
to 4 
“33 
J 
8. 
as 
he 
oy 
In 
ad 4 
“ 
id 
ye 
Br 
ne 
t 
a- 
- 
AS 
i 
43 
BK: 
a 
e. 
re 
f 
a 


532 J. DIAMOND 


Gray, J. A. B. & Sato, M. (1953). Properties of the receptor potential in Pacinian corpuscles. 
J. Physiol, 122, 610-636. 

Green, J. H. (1953). A new baroceptor area in the cat. J. Physiol. 122, 70 P. 

Hetiaver, H. P. (1950). und Acetylcholinegehalt der Hornhaut bei verschiedenen 
Tieren und Menschen. Z. vergl. Physiol, 32, 303-310. 

Heymans, C, & DELAUNOIS, A. L. (1951). Fundamental role of the tone and resistance to stretch 
of the carotid sinus arteries in the reflex regulation of blood pressure. Science, 114, 546-547. 

Hotirsneap, W. H. & Sawyer, C. H. (1945). Mechanism of carotid body stimulation. Amer. J. 
Physiol. 144, 79-86. 

re A. 8. (1955). The effect of acetylcholine on touch receptors in frog’s skin. J. Physiol. 129, 


Katz, B ga Depolarization of sensory terminals and the initiation of impulses in the muscle 
spindle. J. Physiol. 111, 261-282. 

Kress, H. A. & Hensuverr, K. (1932). Untersuchungen iiber die Harnstoffbildung in Tierkérper. 
Hoppe-Seyl. Z, 210, 33-65. 

LanporeEn, 8. (19524). On the excitation mechanism of the carotid baroceptors. Acta physiol. 
scand, 26, 1-34. 

LanperEn, 8. (19526). The baroceptor activity in the carotid sinus nerve and the distensibility of 
the sinus wall. Acta physiol. scand. 26, 35-56. 

Lanparen, 8., Liansestranp, G. & Zorrerman, Y. (1954). Chemical transmission in taste fibre 
endings. ‘Acta physiol. scand, 30, 105-114. 

LANDGREN, 8., Nem, E. & te, Y. (1952). The response of the carotid baroceptors to the 
local administration of drugs. Acta physiol. scand. 25, 14-37. 

LanpDGREN. 8., Skousy, A. P. & Zorrmrman, Y. (1953). Sensitization of baroceptors of the carotid 
sinus by acetylcholine. Acta physiol. scand. 29, 381-388. 

bid grrcctrcese H. A. (1938). Bau und Innervation von glomus caroticum und sinus caroticus. 

Acta neerl. morph. 1, 193-288. 

Sxousy, A. P, (1951). Sensitization of pain receptors by cholinergic substances. Acta physiol. 
scand. 24, 174-191. 

THESLEFF, 8. (1955). Neuromuscular block caused by acetylcholine. Nature, Lond., 175, 594-595. 

Urprorarr, H., Greensera, D. M. & — G. W. (1926). A study of the distribution of calcium 
in the blood sera of normal animals. J. biol. Chem. 71, 87-117. 

C. A. G., Fursupan, EK. & E. (1953). Physiological and pharmacological 


on muscle eRe Se the crayfish, Cambarus Clarkii Girard. J. 
Biol. 80, 136-150. 


ik 
% 
. 
3 
| 
4 
# 
‘ 
4 
} 
iy 
+, 
3 
+ 
4% 4 
¢ 
cf 


533 
J. Physiol. (1955) 130, 533-542 


THE SPECTRAL ABSORPTION OF THE PHOTOPIGMENT OF 
XENOPUS LAEVIS MEASURED IN SINGLE RODS 


By J. A. DOBROWOLSKI, B. K. JOHNSON anv 
KATHARINE TANSLEY 
From the Department of Technical Optics, Imperial College, 
London, and the Institute of Ophthalmology, London 


(Received 26 March 1955) 


If a fresh dark-adapted retina is mounted in isotonic saline and examined 
under the microscope one can see the photo-sensitive pigment in the rods and 
watch it bleach. It has never been possible to make the same observation on 
the cones, although no one doubts that these end organs must also contain 
photosensitive pigments. 

Since one of us had already worked out a method whereby the spectral 
absorption curve of haemoglobin can be measured on a single red blood 
corpuscle (Johnson, 1952) we thought the same technique might be used to 
examine the pigments present in visual cells. In order to work out the modifi- 
cations necessary because of the photosensitivity of these pigments and to 
check the reliability of the method we chose the large rods of Xenopus laevis, 
the South African clawed toad. One reason for this choice was that the rod 
pigment of Xenopus has already been investigated im vitro and its spectral 
absorption curve published (Dartnall, 1954). 


METHODS 


The procedure for making spectrophotometric measurements on surviving retinal receptors 
involves taking a series of photomicrographs of a single rod in monochromatic lights of known 
wavelength and then measuring the relative density of the rod image compared with the back- 
ground density on the photographic plate. 

Apparatus. The apparatus is shown diagrammatically in Fig. 1. It consisted of a microscope 
unit and an illuminating unit, The former was a normal research instrument with a 4 mm focus 
objective (numerical aperture 0-85) and a projection eyepiece, together with a photomicrographic 


camera. The total magnification was 500 at the plane of the plate. An auxiliary eyepiece system 


allowed observation of the object during the whole run of the exposures. In this way we could 
detect any movement of the cell and also re-focus if necessary without having to remove the 
plate from the camera. A considerable saving of time was thus effected, an important point 
when dealing with living material. The stage of the microscope could be rotated in its own plane 
as well as having the usual transverse movements; this was helpful in getting the rod into the 
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right position. At the dark-slide end of the camera, and immediately in front of the plate, two 
continuous density wedges were mounted; by this means a calibrated density scale was imprinted 
on the plate each time an exposure was made. Because the amount of light absorbed by the rod 
was so small the wedges were mounted in opposite directions (Fig. 2). This enabled us to make more 
accurate measurements of the small density values involved. 


Plane of 
photographic 
plate 


Camera 


Microscope Hg arc 


Specimen 


Fig. 1. Diagram of the photographic apparatus and monochromator. Microscope: O, auxiliary 
observation eyepiece. Monochromator: S, slit; L,, collimator lens; P, and P,, prisms; 
R, reflector; L,, telescope lens; F, filter holder; 7', point of rotation. 


Fig. 2. Photomicrograph of a single Xenopus rod ( x 500) lying between 
3 the images of the two wedges. 


The monochromator part of the apparatus is shown in plan on the right of Fig. 1. The optical 
components consisted of a slit (8), a collimator lens (L,), a prism (P,), a surface reflector (R), 
a second prism (P,) and a telescope lens (L,). Two light sources were available, a 100 c.p. tungsten 
arc (Pointolite) and an 80 W mercury arc. The latter (which had a slit in contact with the discharge 
tube) was on a slide so that it could be moved to the position S when required. The various parts 
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were mounted on a base arranged to rotate about a point 7' so that a stationary light source was 
maintained so far as the microscope was concerned. The complete monochromator unit was 
suitably housed so that stray light did not escape into the darkroom. 

With these two light sources and appropriate colour filters placed at F it was possible to isolate 
ten lines of known wavelength between 365 and 620 mp (Table 1). Kodak panchromatic plates 
were used throughout. 


Tasie 1. Light source, filters and exposure times for each wavelength 


Wavelength 
Plate (my) Light source and filter (sec) 
I 515 Pointolite + Kodak Spectrum Green ——-B6 
600 Pointolite + Wratten A + Neutral* 2 
619 Hg arc + Wratten F filter 8 
578 Hg arc + Hg Yellow + Neutral filter* 5 
II 515 Pointolite + Kodak Spectrum Green 36 
460 Pointolite + Wratten 50 + Light Yellow filter 27 
‘ 546 = Hg arc+Hg Green + Neutral* 5 
492 Hg arc + Wratten H + Light Yellow filter 18 
BE 436 Hg arc + Hg Blue + Neutral* 6 
406 Hg arc + Wratten 39 + Neutral filter* 0-5 
365 Hg arc + Wood's U.V. glass + Neutral filter 4 
515 Pointolite + Kodak Spectrum Green 36 


* The Neutral filter had a density value of 0-5. 


Preparation and procedure. The dark-adapted toad was decapitated in the darkroom by red 
light and one retina gently removed and placed in a drop of isotonic saline at pH 6-0 on a micro- 
scope slide under # cover-slip. This treatment causes. many of the rods to break away from the 
retina and to float free in the mounting solution, The preparation was then examined under the 
microscope in light of wavelength 670 my. An isolated rod at some distance from any other tissue 
was chosen and manoeuvred into a suitable position so that, when photographed, its image would 
lie between and parallel to those of the two wedges (Fig. 2). A series of photographs was then 
taken in the different monochromatic lights. Four exposures were made on each plate and one 
run was made up of twelve exposures (three plates). Ten of these were at the ten wavelengths 
available; the extra two were used to check back to a given wavelength so that we could be sure 
that no bleaching or regeneration occurred during a run. The check wavelength was usually, but 
not always, 515 my, this being the nearest we could get to Dartnall’s figure (1954) of 519 my for 
the wavelength of maximum absorption of extracts of Xenopus visual pigment. The arrangement 
of a typical run is shown in Table 1. In most experiments the preparation was then bleached by 
exposure to white light from a 60 W bulb placed 18cm above the preparation and the run 
repeated as before. This exposure rendered the retina practically colourless in about 10 min. 

In order to test the homogeneity of the pigment some experiments were done in which the 
retina was removed and mounted in blue light and exposed to orange (619 my) for 5 min after 
the first run and then again to white light after another run. On other occasions when the 
removal and mounting were done in red light the first bleaching was in blue at 436 my. 

Several difficulties were experienced in making these exposures. If too much epithelial pigment 
were removed with the retina the granules might lie over and around the rods, thereby obscuring 
them somewhat. This would not matter so much if the pigment granules had been evenly distri- 
buted over the rod and its neighbourhood since all the important results were calculated as 
differences, but the distribution was never uniform and, in addition, the granules showed Brownian 
movement and were, in consequence, often only visible as vague blurs on the plate. 

The dimensions of a Xenopus rod outer limb are only about 8 by 50» and it was desirable to have 
a single rod isolated in an otherwise clear field of approximately 140 by 80 which was the area 
represented by one photograph including the wedges. It was not always easy to fulfil such 
a requirement. Moreover, it was also necessary for the rod to remain stationary for the whole 
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period of the photographic exposures and bleaching. Altogether these lasted about half an hour 
if all went well. 

Finally the chosen rod did not always remain morphologically healthy throughout the experi- 
ment. It often developed cross-striations and later curled over at the tip—changes first noticed 
and admirably described by Schultze (1869) in the course of his classic work on the structure of 
rods and cones. It was found that rough handling of the retina during removal and mounting 
increased the speed with which these post-mortem changes appeared, that rods detached from 
the retina were more likely to show them and that the farther the rod lay from the main body of 
retinal tissue the more subject was it to these changes. Further, the survival of the rods in a 
morphologically healthy condition was better if the surrounding temperature did not rise too 
high, especially during bleaching. This was prevented by placing a piece of heat-absorbing glass 
between the bleaching light and the preparation, and sometimes by the use of a fan to keep the 
air moving round the microscope. 

The photometric measurements. Since the amount of light absorbed by a single rod is so small, 
the density values on the photographic plate were very low. In order to ensure reliability in the 
estimation of the relative density between the image of the cell and its background it was necessary 
to have an even illumination over the whole field. This was achieved so far as possible by the 


_ optical system of the substage condenser, but the effect of uneven illumination was also reduced 


by the use of the two reversed wedges. These wedges were specially made and had a very gradual 
continuous density change of about 0-03/cm. They were placed so that their images lay on either 
side of that of the rod. Averaging the readings for each wedge, therefore, tended to compensate 
for any lack of uniformity of the field. 

A small proportion of the light which traversed the rod (probably 3-4%) was likely to have 
been plane-polarized. Another possible source of error in the density measurements lies in the 
differences in the absorption of polarized light such as those found by Denton (1954) for the 
unbleached rods of Salamandra maculosa. He reported that there was a difference in the absorp- 
tion of plane-polarized light according to whether this traversed the rod with the plane at right 
angles or parallel to its axis. This difference varied with wavelength, being greatest at that 
maximally absorbed. In our experiments the light always traversed the rod at right angles to its 
axis and great care was taken to choose only rods which were in precise focus along their whole 
length. In addition, since the position of the wedges was fixed, that of the rod in the horizontal 
plane had to be fixed also. Thus it seems unlikely that variations in the angle of the light with 
respect to the axis of the cell can have significantly affected the results. 

Owing to the cylindrical shape of the rod and to its being mounted in a medium of slightly 
different refractive index, both diffraction and refraction occur at the edges of the cell. These 
cause differences in density along the sides. However, these defects can be greatly reduced by 
using a large enough numerical aperture and sufficient total magnification in the microscope. 
We found that there was quite a wide band along the centre of the cell image in which the density 
remained constant. It was from this region that all the measurements were taken. 

It is important that the image of the cell should be precisely in focus, for density values from 
out-of-focus photographs differ significantly from those taken from well-defined images; hence 


the value of the auxiliary eyepiece system, 0, by means of which the image could be accurately 
focused before each exposure. 


RESULTS 


The results of a typical experiment on one rod are shown in Fig. 3. In this 
case the retina was removed in red light and the exposures made using the 
line at 546 mp as the check wavelength. After the first unbleached run 
another, the figures for which have been omitted, was made after exposure 
to 436 my for 5 min, and a final one after 10 min white bleach. 
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The mean percentage unbleached measurements obtained from seven 
different animals during late July and the first half of August 1954 are plotted 
in Fig. 4. The values for Fig. 4 were obtained from the original measurements 
as follows. Curves were plotted for each individual experiment and the 
position of the maximum and its density value determined separately for 
each, the points for each experiment then being calculated as a percentage 
of this maximum. Fig. 5 shows the mean percentage difference curve for five 
of these seven experiments. In the remaining two we were not able to get 
satisfactory bleached values owing to deterioration or movement of the cell. 
In addition, several of the bleached values at the short wavelengths are missing 
for the same reason. In most experiments we took the shortest wavelength 
readings towards the end of the run. 
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Fig. 5. Mean percentage difference curve for five rods measured in late July and early August. 
The curve was drawn by eye through the points. The vertical lines represent twice the 
standard error. 


The experiments described here were done during the summer of 1954. The 
first really satisfactory and repeatable set of results was obtained from five 
experiments in early July. The mean percentage unbleached curves for this 
set are given in Fig. 6, but we did not get enough readings on the bleached 
. preparations to give a satisfactory mean difference curve. 

Some of the earlier experiments gave rather small density values for the 
unbleached rods and the maximum of their difference curves was at a shorter 
wavelength than Dartnall’s results (1954) had led us to expect. The animals 


were spawning at this time and had not been fed for many weeks. We, 


therefore, began regular twice-weekly feeding with rabbit liver; the results 
shown in Figs. 4 and 5 were all obtained after feeding was begun. It will be 
seen that the wavelength of maximum density which was around 500 my in 
early July shifted to around 530 my in the second series. In addition, there 
were differences in the curve at the longest wavelength used (619 mz). The 
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two series did not, in fact, show any very marked differences in the densities 
of the unbleached cells at the maximum, although these tended to be rather 
higher in the later series. The mean maximum density in early July was 0:06 
as compared with 0-084 in late July and August; the mean difference density 
in the second series was 0-037. The highest value obtained was 0-122 after 
3 weeks’ regular feeding, the lowest was 0-056 on 8 J uly just before feeding 
was begun. This animal also gave the lowest figure for the density change at 
the maximum as a result of bleaching, 0-02. 


100 


50 
400 450 500 600 
Wavelength (mp) | 
Fig. 6. Mean percentage unbleached values for five rods measured in early July. The vertical lines 
represent twice the standard error. 


Experiments in which the homogeneity of the sensitive pigment was tested 
by Dartnall’s (1952) method of partial bleaching gave no indication that we 
were dealing with more than one pigment. In every case the results were the 
same as those obtained with a shorter period of bleaching with white light or 
when this was at a lower intensity. : fi 


DISCUSSION 
The main purpose of these experiments was to test the validity of the method. 
We feel satisfied that, although it cannot compare in accuracy with the 
technique of measuring the absorption of a photopigment in solution, it can 
be used to detect the presence of a light-sensitive pigment in a single visual 
cell and that the approximate position of maximum absorption can be deter- 
mined. At present the worst defect is the small number of wavelengths that 
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we were able to use. Owing to the necessity for speed the lights must be 
intense enough to allow short exposures and we were, therefore, confined to 
the lines of the mercury arc except at 460, 515 and 600 mp where we were 
able to obtain a reasonably narrow band by using filters and a Pointolite. 
Even so the exposures at 460 and 515 my were undesirably long (see Table 1). 

It is unfortunate that we could not get a satisfactory difference curve for 
the early July series, but the one for the second series, although by no means 
the same as that published by Dartnall (1954) for the Xenopus pigment in 
solution, is sufficiently like it to indicate that we are probably dealing with the 
same substance. True, the position of the maximum is slightly different in the 


two cases but the width of the band is almost identical, about 100 mp at 


the point of 50% absorption. 

The most striking departure from Dartnall’s curve is at the long wave- 
engths. Not only is there a marked increase in absorption at 619 mp as 
compared with 600 mp but, as is clear from the difference curve, this red- 
absorbing part of the pigment is photosensitive. The large variations at 
492 mp and below appear to be due to incomplete bleaching in some of the 
experiments. 

In spite of the relatively small number of wavelengths tested the differences 
between the curves shown in Figs. 4 and 6 are probably real. Of course these 
curves are unlikely to show the actual absorption of the rod pigment. There 
is probably some differential absorption by the membrane enclosing the cell 
and by the other parts of its ultrastructure (Sjéstrand, 1949, 1953). Under 
the conditions of these experiments the difference curves probably give a more 
accurate picture of the pigment band and we have no satisfactory difference 
curve for the earlier series. However, in the absence of evidence to the 
contrary it seems more likely that it was the pigment that altered rather than 
the structural elements of the rod. At present we can offer no satisfactory 
explanation for any such alteration in the pigment. 

During the course of all these experiments we used several different wave- 
lengths to check the possibility of changes due to bleaching, regeneration or 
temperature during a single run of exposures. For this purpose we used 
436, 515, 546 and 600 my. In the only two experiments in which the check 
was at 436 mp there was a definite indication of an increase in density during 
the run after partial bleaching with white light. We never obtained any 
evidence of change in the unbleached rod during the exposures, nor was there 
any apparent regeneration at the maximum after bleaching. 

The only useful comparison of our results with those previously salud on 
the rod pigment of Xenopus is that between the part of our difference curve 
(Fig. 5) at wavelengths longer than 492 mp and Dartnall’s (1954) difference 
curve for digitonin extracts of rod suspensions. Whereas our point of maximum 


absorption appears to be in the neighbourhood of 530 my, hisis fairly accurately 
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located at 519 mp. In addition, there is the much more striking discrepancy 
at long wavelengths. 

The first discrepancy, that in the position of the maximum, recalls Arden’s 
(1954) observations on the difference curve of frog visual purple when this is 
within the rods. He found that difference spectra measured on suspensions of 
frog rods in sucrose showed a maximum at 511 my instead of at 502 mp, the 
figure given by frog visual purple after extraction from the rods by digitonin. 
This shift in the position of the maximum is in the same direction and of 
much the same amount as that which our results show when compared with 
Dartnall’s (1954). By comparing the difference curves for his rod suspensions 
before and after treatment with digitonin Arden concluded that the shift in 
the position of the maximum was due to the presence of a second narrow band 
pigment which was destroyed by digitonin. The results with partial bleaching 
suggest that this is unlikely to be the explanation of the shift found in our 
experiments. 

In considering the possible significance of the discrepancy between, our 
curve and Dartnall’s (1954) at 519 my it is of interest to note that two of the 
investigators who have worked with visual pigment extracts have pointed 
out that the extractants used may destroy or alter these substances. Thus Bliss 
(1946) found that, while he could extract iodopsin from the chicken retina 
with digitonin, he was unable to obtain an extract with sodium glycocholate. 
Addition of sodium deoxycholate destroyed the pigment in a digitonin extract 
in about 2 hr at room temperature. Further, Dartnall in a recent paper (1955), 
has suggested that digitonin itself may well destroy instead of extracting some 
of the photosensitive substances present in the visual cells. If this is indeed 
the case it is not to be expected that absorption measurements on whole 
visual cells would exactly reproduce the results obtained with extracts from 
them. 

SUMMARY 

1. A method for measuring the absorption spectrum of the photopigment 
in whole Xenopus rods is described. 

2. The presence of a light-sensitive pigment resembling Dartnall’s visual 
pigment 519 was demonstrated. 

3. The wavelength of maximum absorption and the shape of the absorp- 
tion curve at long wavelengths did not agree with the results reported for the 
Xenopus pigment in solution. These discrepancies are briefly discussed. 
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VTHE SORPTIVE PROPERTIES OF THE 
OLFACTORY MEMBRANE 


By R. W. MONCRIEFF 
From The Consulting Laboratory, 83 St Pancras, Chichester 


(Received 18 April 1955) 


The view that olfactory discrimination is made possible by selectivity of 
adsorption characteristics of the olfactory receptors for different odorants was 
recently put forward by the author (Moncrieff, 1954). It was shown that 
within the limits of a small group of odorant materials examined, those sub- 
stances that had different odours did behave differently towards such 
adsorbents as activated carbon and silica gel, whereas those substances which 
had odours of the same general type, e.g. fruity, behaved not very differently 
amongst themselves to the adsorbents. A comparison was made also of the 
adsorption behaviour of compounds of very similar odour but of very unlike 
chemical constitution, and the findings indicated that the adsorption behaviour 
was related to the smell and was not obviously related to the chemical 
constitution. The underlying argument was that if olfaction is, indeed, stimu- 

_ lated by adsorption and if discrimination of smell is due to selectivity of adsorp- 
tion on the olfactory membrane, then substances which smell differently would 
probably be easily but differentially adsorbed on the common inorganic 
adsorbent materials, whilst substances which smelt more or less the same 
would behave fairly similarly as a group towards different adsorbents. That, in 

_ fact, such behaviour was observed supported not only the view that olfactory 
discrimination was due to selectivity of adsorption, but also the more funda- 
mental postulate that the primary stimulus for olfaction was an adsorption 
process. This paper is concerned with describing some direct evidence that 
odorant materials are adsorbed by the interior nasal surfaces and especially 
by the olfactory membrane, and also with an examination of how the view 
that olfaction is stimulated by adsorption of the odorant on the olfactory 
membrane accords with some of the properties of smell. 
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Three methods were used. | 
(1) Passing odorous air through adsorbent columns 

This method was similar in principle to, and the apparatus was exactly the same as, that 
described earlier (Moncrieff, 1954); the only essential difference was that whereas, previously, 
inorganic adsorbents such as active carbon or silica gel had been used to pack the adsorbent tube, 
now chopped tissue from the olfactory regions of the cleft heads of slaughtered bullocks and sheep 
was used to pack the adsorbent tube. This tissue was removed from the upper turbinates in the 
pigmented area and cut into small pieces which approximated to 2-3 mm cubes; a vertical glass 
tube (0-5 cm? internal cross-section) was packed to a height of 10 cm with the cut material in such 
a way that flow of air through it would not be inhibited. Then air which had been odorized by 
having been passed over benzaldehyde was passed from the bottom up the vertical adsorption 
tube at a rate of flow of 10 c.c./sec and the nose was applied to the outlet end of the adsorption 
tube. At the time that experiments with this method were made, the animals had been dead for 
from 2 to 4hr. In a few experiments tissue similarly cut from a rabbit’s head was used. 


(2) Deodorization of small fixed volumes of air 

This method consisted of collecting, in two wide-neck bottles, air that had been odorized by 
passing over some such odorant as benzaldehyde or ethyl acetate; this odorized air was delivered 
at a rate of 10 c.c./sec for 10 sec and the bottles were then quickly covered. Then into one of the 
bottles a part of the pigmented turbinate from one side of a sheep’s head was introduced. The 
rates of disappearance of the odour of benzaldehyde (or other odorant) in the two bottles were 
compared, to ascertain the effect of the piece of olfactory tissue. 

In a modification of this method two wide-neck bottles were half filled with freshly cut lawn 
mowings which had a sweet vernal smell; as before, to one of the bottles a portion of pigmented 
turbinate was added and the rates of disappearance of the grass odour in the two bottles were 
compared. The experiment with grass was the only one in which the odorant material was directly 
in contact with the olfactory tissue; in all other experiments the air was blown over a relatively 
powerful odorant (much more powerful than grass), and was collected in two bottles, to one of 
which a portion of the sheep’s olfactory membrane was added. The smell in each of the bottles 
was then observed at intervals. 

Later, in order to determine whether the sorption of the odorant from the air, which was 
observed in the early experiments, was taking place over the whole area of the interior nasal 
surfaces or whether it was confined to one area, tests were made with tissue from different parts 
of the nose. A small piece of tissue was cut from four places: 

(1) The chin of the sheep (about 0-5 g). 

(2) The anterior turbinate at a distance of about 5 cm from the snout (about 2 cm*). 

(3) The anterior turbinate at a distance of about 10 cm from the snout (about 2 cm?). 

(4) The pigmented region in the upper posterior turbinate system (about 0-5 cm’). 
The four pieces of tissue were introduced into four 600 ml. beakers which were then supplied with 
odorized air for 12 sec at 18 c.c./sec and then immediately covered. Sniffs were taken by two 
observers at frequent intervals and the time taken for the odour of benzaldehyde to disappear was 
noted. In control experiments, beakers that did not contain tissue were used and also beakers 
that did contain active carbon, a known adsorbent, so that a comparison of behaviour could be 
made. Observations were made with two different odorants, benzaldehyde and ethyl acetate. 


(3) Flow of odorized air through whole head (sheep) 
In this third method, odorized air was passed through the nasal passages of a sheep’s head and 
the appearance of odour, whether at once or after an observed interval of time, in the air issuing 
from the head was noted. The technique adopted was as follows: 


The head of a newly killed Suffolk lamb of about 6 months was obtained. The orifices in the 
head were then sealed; corks were inserted from the cut neck into the gullet and windpipe and 


i 
a 
4 plenty 
3 ‘oh 
a t 
nos 
q of the 
wax 
4 subset 
break 
a 
the gl 
nowh 
was 
for 
4 
= 
i 
fa 
q 
| 
> 
va 
wh 
anc 
shc 
an 
no 
3 he 
a 
4 rig 
we 
dis 
Si 
th 
3 
“a 


SORPTION BY OLFACTORY MEMBRANE ‘B45 


plenty of molten beeswax was poured over them; then sealing wax was dripped on to the mouth; 
a right-angled glass tube (3 mm) over which a cork was pushed was inserted into each of the 
nostrils so that the glass tube projected about 3 cm into the nose, and so that the cork filled most 
of the opening to the nostril. Sealing wax was dripped on the corks to make a good seal; as little 
wax as possible was used on the nostrils, so that if the glass tube was accidentally moved in the 
subsequent experiments, the small part of the nostril would move with it and the tube would not 
break away. The first head was devoted to practising this sealing, the test being to blow air up 
the glass tube projecting into one nostril and to observe its appearance down the other tube, and 
nowhere else, when the head was completely inmersed in water. The immersion of the first head 
was carried out simply to ensure that the sealing method was satisfactory; this head was not used 
for smell tests, nor were later heads that were used for smell tests immersed in water, 


Fig. 1. Diagrammatic representation of apparatus used to pass odorized air 
, through the head of a sheep. 


The second head was sealed in the same manner as the first. Air at 11 c.c./sec was blown by the 
variable speed air-blower, A (Fig. 1), through the Rotameter flowmeter, B, through the bottle, C, 
which in later experiments contained the odorant material, up one nostril of the sheep’s head, D, 
and emerging from the other nostril was measured by displacement of water from a cylinder (not 
shown) which was provided at Z. Ina 5 sec run the air displaced 60 ml. water, corresponding to 
an air-flow of 12 ¢.c./sec which was in reasonable agreement with the flowmeter reading of 
11 c.c./see. It showed, moreover, that all the air being blown was actually passing through the 
nose, Although rubber tubing was used:in the train up to the odorant bottle C’, thereafter to the 
head (D) and in the outlet connexion to Z polyethylene tubing was used as being less likely to 
adsorb odorants itself. The arrangement worked best with the head lying on its back; if it was the 
right side up trouble was experienced with obstruction of the air-flow. Consequently, all the trials 


were made with the head inverted. 


The same apparatus was used for the smell tests; the observer's nose (instead of a water- 
displacement equipment) was applied to the outlet tube, H, to observe the first appearance of 


smell, 


The first experiment was made by blowing the inlet air over benzaldehyde (15 ml.) in bottle C 
at a speed of 10 c.c./sec and observing when the odour of benzaldehyde was first recognizable at 
the outlet tube Z. The head was then flushed with air by omitting the odorant bottle (C) from the 
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train and blowing air at 10 c.c./sec for 1 min. Then another run was made with an odorant in 
bottle C and the time taken for the odorant to be recognizable at point H was measured; then the 
head was flushed with air again, another measurement with an odorant was taken, and so on. 
Three observations were made for each odorant. ? 


RESULTS 
Passing odorous air through column of tissues 

This method in which air that had been passed over benzaldehyde, and which 
accordingly smelt strongly of almonds, was passed from the bottom up a 
vertical adsorption tube packed with chopped tissue, was not satisfactory. 
Although when the air-blower was switched on and the nose applied to the 
outlet end of the adsorption tube, the first momentary impression was that 
the issuing air was odourless and that the chopped material from the olfactory 
region had adsorbed the benzaldehyde from the odorized air, yet this impression 
was rapidly dissipated, for in less than a second the almond odour was per- 
ceived clearly, so quickly that no certainty could be felt in the initial period of 
odourlessness. Similar results were obtained with pigmented turbinated 
material from both sheep and bullock. The small portions of pigmented 
material proved to be unable to adsorb the bulk of odorant passed through 
them, although there was some indication in the delay, short though it was, 
of the smell emerging that some sorption or removal process was at work. 


Deodorization of small fixed volumes of air 

When benzaldehyde-odorized air had been fed into an empty bottle, the 
almond smell was found to persist strongly for 10 min, whereas the corre- 
sponding bottle to which a large part of the pigmented turbinate from one 
side of a sheep’s head had been added was almost odourless after 30 sec. When, 
instead of benzaldehyde, there was used air odorized with oil of lemongrass, 
with methyl octine carboxylate, with triethylamine, or with acetone, very 
similar results were obtained; ammonium sulphide behaved rather differently 
and was not rapidly removed from the air by the tissues. The detailed experi- 
mental results are shown in Table 1. 

In Table 1, the third column headed ‘Characterization of odour’ gives the 
characteristic numbers for adsorption on carbon, silica gel, alumina, fuller’s 
earth and vegetable fat as described by the author in an earlier paper 
(Moncrieff, 1954). For example, the numbers 2 1 3 2 6 for methyl octine 
carboxylate indicate that it is very readily adsorbed by silica gel (1), readily 
by carbon (2) and fuller’s earth (2), less readily by alumina (3) and only poorly 
by vegetable fat (6). The sign ‘—’ indicates not that there was no smell, but 
that no observation was made. 


The results included in Table 1 were made on parts of the olfactory membranes removed from 
five sheep; all of them were lambs about 6-8 months old and either crossbreds or Suffolks. The 
heads were obtained within a few minutes of the animals having been slaughtered and in two cases 


a 


ag 
obse 
4 to fin 
be 
of 
4 was I 
the 
Air odori 
Benzaldeh 
Oil of Lem 
Methy! oct 
3 boxylate 
Triethylan 
_Ammoniur 
Acetone 
Composite 
4 malodo 
on 
4 captan 
4 methyl s 
3 th 
Ww 
st 
le 
4 
fy 
| 


~ 


SORPTION BY OLFACTORY MEMBRANE 547 


observations on odour removal were made within 45 min of the animal’s death. It was surprising 
to find that the activity of the olfactory membranes so far as smell removal was concerned, seemed 
to be unimpaired on the day following death; at 2 days they were useless but up to 24 hr their 
performance was indistinguishable from newly killed. The experiments were made during a spell 
of cool weather and so as to retard degradation of the specimens the laboratory was not heated, 
so that its temperature never rose above 50° F. Each one of the observations recorded in Table 1 
was made on at least two heads; no considerable differences were noted between the properties 
the different heads. i 


TaBLE 1. Sorptive effect on tissue from olfactory receptive region 
Smell of odorized air after retention in 


Control bottle Bottle containing portion 
(no olfactory membrane) of sheep’s olfactory 
- for time of membrane for time of 
Air odorized with Type of smell ofodour }min 2min. 10min. 4 min 2min 10 min 
Benzaldehyde Almonds 02716 Strong Strong Strong Faintl * et None None 
; cepti 
Oil of Lemongrass Lemon-like aro- 42446 Strong Strong Medium Just per- None None 
| matic ceptible 
‘Methyl octine car- Violets 21326 Strong Strong — None None — 
boxylate 
Triethylamine Fishy ammoniacal 35659 Strong Strong —- Clear Weak — 
Ammonium sulphide Repulsive irritant Strong Strong oa Strong Strong — 
A Characteristic 43789 Strong Strong Strong Clear Weak None 
Composite ‘kitchen Unpleasant cooking Strong Strong oan Clear — 
malodour’ based odours 
on furfuryl mer 
captan and di- 
methyl sulphide 


- Smell of grass removed. In the experiment with bottles half full of freshly cut 
grass there was a great difference observed due to the addition of a portion of 
the olfactory receptors to one of the bottles. After 4 min it was difficult to be 
sure if the grass in this bottle could be smelled; probably the odour was some- 
where near the threshold value. After 2 min there was no trace of odour, 
whereas in the control bottle (no membrane) the grass odour was still very 
strong after 1 hr. At this stage the portion of the olfactory membrane was 
removed from the test bottle and both bottles, now containing only grass, were 
left overnight; the following day the control grass still had a faint verdant 
smell, but the grass in the other bottle, which had originally contained also 
a portion of the olfactory membrane, was still odourless. 

A small number of trials were made with parts of the olfactory membrane 
from the heads of two wild brown rabbits; these membranes also would rapidly 
deodorize grass, but unexpectedly did not deodorize air containing benzalde- 
hyde, although they would deodorize air containing methy! octine carboxylate 
readily enough. 

Location of sites of sorption. When pieces of tissue taken from various parts 
of a sheep’s head were used as deodorizers of small volumes of odorized air in 


beakers it was found that freshly cut tissue from any part of the head, even, 
35-2 
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for example, from the chin, had some adsorbent properties, doubtless due to 
its fineness of surface structure, but that the tissue cut from the pigmented 
portion of the posterior turbinates excelled in the speed at which it would 
deodorize air. It can be shown from Table 2 that whereas in the presence of 
chin tissue or active carbon the smell of benzaldehyde persisted for longer than 


‘1 min, and so it did as a rule in the presence of tissue from the anterior 


turbinates, yet when a part, even a small part, of the pigmented epithelium 
was present, the smell was removed in a matter of 25-30 sec. Under experi- 
mental conditions such as these, where diffusion of the odorized air in the 


TaBLE 2. Persistence of odour of benzaldehyde or ethyl acetate in a 600 ml. beaker with various 
adsorbents. Each figure is the time in seconds at which the odour was no longer detectable 


Benzaldehyde Ethyl acetate 
Observer Observer Observer Observer 
Adsorbent R. W. M. 8. L. R. W. M. 8. L. 
None 220 200 220 240 
0-6 g active carbon (Sutcliffe 75 150 — —- 
Speakman and Co. Ltd. 
207 C) 6-8 mesh : | 
0-6 g active carbon Darco ce 65 110 122 
4-12 mesh 3 
0-6 g active carbon Darco 95 90 
powder 51 
1 g tissue from chin 80 90 130 115 
1 g tissue from tip of tongue 60 75 85 80 
1 cm? anterior turbinate (5 cm 55 45 101 95 
from snout) 
1 cm? anterior turbinate 70 55 105 85 
(10 cm from snout) 
1 cm* pigmented epithelium 25 32 32 52 
from upper posterior 3 32 27 
turbinate ; 22 40 
30 28 
26 31 


beaker is slow, one cannot look for very short times of odour removal. The 
difference, however, between the olfactory epithelium and the other tissues in 
their deodorizing ability is very marked. The sorptive properties for odorant 
materials of the olfactory receptors are unique in quality, even although large 
areas of the nose possess less effective sorptive properties. One result that 
helped to correlate the presence of pigment with sorptive properties was that 
in one head it was observed that the pigment in the epithelium extended for 
some way down the median septum; a little of this skin was removed and was 
found to deodorize the air in a beaker in about 20 sec, whereas unpigmented 
skin taken from a nearby portion of the median septum required well over 
1 min to effect similar deodorization. 

Very similar results were obtained when ethyl acetate was’ used as the 
odorant; once again the pigmented epithelium was found to remove the 
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- odorant from odorized air with unique speed. Detailed results are included in 


Table 2. 
The relative shortness of the time of persistence of the smell in the absence 


_ of any adsorbent, i.e. in the control beaker, is due to the frequency with which 


observations were made, the beakers being uncovered to allow each test to be 
made. 
Flow of air through whole head 

When the air odorized with benzaldehyde was passed into one nostril of an 
inverted head (sheep) the air issuing from the other nostril was at first odour- 
less. Despite what had been seen in the earlier experiments with parts of the 
olfactory membrane cut out and used as adsorbents, it had been expected that 
sufficient of the benzaldehyde in the air stream would have found its way 
through the head in a matter of 2 or 3 sec to be smelt at HZ. In fact, when the 
air had been blowing for 10 sec, no benzaldehyde odour had been detected, 
and the inlet to the sheep’s nose was then disconnected so that the inlet air 
could be smelled; there was no doubt about it, it smelt very strongly indeed 
of benzaldehyde. The apparatus was reconnected, but it was another 30 sec 
before the benzaldehyde odour appeared at the outlet tube, #. When this 
experiment was repeated, after having first flushed out the head by blowing 
fresh air through it, it again took about 40 sec for the smell of benzaldehyde 
to be detectable in the issuing air. Various other odorant materials were used 
and the times required for the emergence of their odour in the outlet air from 
the nostril was observed. For each odorant at least three observations were 
made and the spread of these is indicated in the range shown in Table 3. Some 
smells such as those of phenyl acetylene, onions and amy] acetate came through 


_ in a matter of 5 sec; others such as ammonia, camphor and benzaldehyde 


took about 45 sec. 

Sometimes, as with ammonia, the smell emerged sharply and clearly; so it 
did and in a much shorter time with phenyl acetylene, amyl acetate, and 
pyridine; with benzaldehyde and methyl! octine carboxylate the emergence 
was much more gradual and it was less easy to fix a point at which the odour 
was first recognizable. It is, however, quite clear from Table 3 that some of 
the odorants are withdrawn from the odorized air in their passage through the 
nose, and furthermore that the sorptive powers of the sheep’s nose vary very 
greatly from one kind of odorant to another. 

The experimental results recorded in Table 3 were made on three different heads, all of Suffolk 
lambs, and all within 26 hr of death. Performance some 24 hr after death did not differ noticeably 
from that of 1 hr after death. No observations were made later than 26 hr after death. All three 
heads gave very similar results. 

Because the time of recognition of odorant material at the outlet of the nose 
varied from 4 sec to more than 60 sec, and because the rate of air-flow was 
throughout from 10-12 c.c./sec, a volume of from 40 to 700 c.c. of odorized air 
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passed through the head before the odour was recognizable. It seemed to be 
of interest to relate this to the internal volume of the air space in the head. 
Accordingly, one head was filled by gently blowing water into it until the 
water emerged from the other nostril. In this way it was found that the internal 
volume of the head was 98 ml. and that of the tubing leads was 10 ml. So that 
if there were neither eddy currents nor air turbulence it would take some 
10 sec for air blown into one nostril to emerge from the other. Evidently, eddy 
currents and turbulence do occur, as, indeed, they would be expected to in the 


TaBLE 3, Times of sorption when odorized air is passed at 10 c.c./sec through the nasal 
passages of a sheep’s head 


Time (sec) taken 
for smell to be 
Characterization recognized at 
Air odorized with Type of smell of odour outlet tube 
Benzaldehyde Almonds 02716 35-50 
Dioxan Ethereal 22527 30-40 
Methyl octine carboxy- Violets 21326 10-16 
Oil of Lemongrass Lemon-like 42446 6-11 
aromatic | 
Fresh grass Vernal, fresh, — >60 
sweet 
Fresh catmint Characteristic >60 
Freshly cut onions Characteristic 03789 5-6 
Ammonia (15% Characteristic 37-47 
in water) 

Coal gas 24769 4-5 

yl acetate Pear drops —- 5-7 
n-Butanol Spirituous, bitter 01409 12-17 
Pyridine repulsive 22668 10-12 


flow of air through turbinated channels. On one occasion the smell of phenyl — 
acetylene was unmistakably observed in the outlet air only 4 sec after it had 
been introduced into the inlet. On the other hand, the finding that ammonia, 
camphor and benzaldehyde took 40 or 50 sec to find their way through suggests 
that sorption must have been very effective in these cases, because in this time 
all the air in the head would have been completely changed some four times. 

Quantity of odorant adsorbed. In order to find what quantity of odorant 
material was being removed from the air by the sorptive action of the interior 
nasal surfaces, an estimation was made on the air odorized with benzaldehyde. 
This air was blown directly at a speed of 10 c.c./sec into 50 ml. n/1000 KMnO, 
(0-0316 g/l.) which had been acidified with sulphuric acid, until the air 
decolorized the permanganate. This required 8 min 30 sec. Hence, about 
5g (3 x 10! molecules) of benzaldehyde was blown every second. At first, 
the air that bubbled out through the permanganate was odourless, but as the 
end-point was approached the benzaldehyde odour could be detected. In the 
40 sec that it required for the odour of benzaldehyde to pass through the 
sheep’s head some 10° molecules of benzaldehyde must have been passed in 
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and most of them must have been adsorbed, because no benzaldehyde could 
be smelt in the effluent air until after the expiration of 40 sec. 


Reversibility of sorption 

Some results indicated that the sorptive process was reversible. For 
example: air was passed at 10 c.c./sec over oil of lemongrass and then 
through the sheep’s head; the emergent air was smelled and at 9 sec the 
odour of lemongrass was first perceived; at 11 sec it was strong and the air- 
blower was stopped. The air feed to the head was disconnected ‘and recon- 
nected so that fresh air was blown into the head, the odorant bottle, C, 
being by-passed. This change took 20-30 sec to make and then the air-blower 
was re-started. The odour of lemongrass was unmistakable in the emergent 
air at first but quickly weakened and could not be smelled after about 2 sec. 
There was, nevertheless, a positive indication that the sorptive process was at 
least partly reversible. 

Onion. Air was passed at 10 c.c./sec over freshly cut onion and then through 
the sheep’s head. The smell of onion appeared clearly at 5 sec and the air- 
blower was then stopped. The inlet leads were changed so that the odorant 
bottle, C, was cut out and the blower was re-started. For the first 14-2 sec the 
odour of onion was quite strong in the emergent air, thereafter it was lost but 
one soon loses track of a rapidly weakening odour. 

Phenyl acetylene. This was used similarly; it was perceived at 4-5 sec very 
strongly. When inodorous air was subsequently passed in, the odour of phenyl 
acetylene was perceptible in the emergent air for 40 sec. 

Pyridine. This was perceived after 10 sec. When fresh air was subsequently 
passed it smelled strongly of pyridine, not just for a second or two but even 


_ after 60 sec. Suspecting that the polyethylene tubing to and from the nostrils 


might have adsorbed some pyridine and was still giving it up slowly, these 


leads were replaced by new ones, but on re-starting the blower the smell of 


pyridine appeared at once and persisted for 300sec. This pyridine was 
certainly coming from the sheep’s head. The reappearance and persistence of 
smell when fresh air was blown through was not simply due to displacing in the 
nasal cavities the air, which would have contained the odorant if the adsorp- 
tion process had reached saturation; if it had been so the time of persistence 
would have been approximately the same whatever odorant was used. In 
practice it varied from 2 sec with onion to 300 sec with pyridine. 

Amyl acetate. This was run for 7 sec until it smelt very strong; the blower 
was stopped and the apparatus left overnight. The next morning air was blown 
through to flush out the head and the odour of amyl acetate emerged strongly. 
There was, therefore, evidence of the reversible character of the sorption on 
the olfactory membrane of or onion, phenyl acetylene, pyridine and 
amyl acetate. 
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Displacement of one odorant by another 

Another phenomenon that was observed at first by chance, during these 
experiments, and which also points to the sorption being a reversible process, 
was that of one odorant being displaced by another. Methyl octine carboxylate 
and acetone seemed to be particularly liable to such displacement. Air odorized 
with methyl octine carboxylate had been passed through a sheep’s head to 
the point of recognition; thereafter inodorous air had been passed through 
for 3 or 4 min to flush out the head thoroughly, and this flushing air was (after 
the first few seconds) quite odourless on emergence. Next, air odorized with 
ammonia was passed through the head; it was some 40 sec before the smell 
of ammonia was recognizable but in that interval the smell of methyl octine 
carboxylate was clearly recognized in the emergent air. 

An attempt was made to see if such displacement would work in reverse. 
Ammonia was passed through the head; it was detected at 40 sec but flow of 
air odorized with ammonia was continued for 90 sec in all. Then the head was 
flushed with air; even after 12 min at 10 c.c./sec the emergent air would blue 
B.D.H. Universal test paper rapidly; the air-flow was increased to 20 c.c./sec 
and after another hour of flushing with air the emergent air took about 6 sec 
at 20 c.c./sec to blue a damp test paper (the inlet air to the head would not 
blue a test paper at all). The air speed was reduced to 10 c.c./sec and a time of 
15 sec was required for the emergent air from the head to blue the test paper. 
Then the blower was stopped and air odorized with methyl] octine carboxylate 
was blown through the head at 10 c.c./sec; the emergent air would now blue 
a test paper in 6 sec. On another occasion amyl acetate had been used and the 
sheep’s head subsequently well flushed. Then air odorized with camphor was 
passed and before the camphor smell emerged, the amyl! acetate smell again 
came through strongly and unexpectedly. 


DISCUSSION 


The rapid deodorization by parts of the turbinated material from the heads of 
sheep, bullocks and rabbits of air odorized with benzaldehyde and similar 
compounds, shows that some sorptive process is taking place; the easy sus- 
ceptibility of the smell of newly cut grass to such sorption suggests that the 
process is one which normally occurs in the living animal. When it was found 
that the posterior turbinates which carry the pigmented olfactory epithelium 
were unique in the speed with which they promoted deodorization, a close 
link between the smell receptors and the ability to remove odorant molecules 
from odorized air was established. All the internal tissues, by virtue of their 
fineness of structure and their complexity of surface structure, exhibit sorptive 
properties, but these, good as they are when compared with some inorganic 
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adsorbents, are much inferior to those possessed by the epithelium in the 
olfactory region. 
It was at first surprising to find when odorized air was passed through the 


nasal passages of a dead animal that the odour was removed entirely; in 


retrospect the indication that there is a very efficient and rapid onside : 
process taking place at the expense of the air passing through the nose, is 
exactly what we might expect to find associated with the sense of smell, with 
its extreme sensitiveness to the most tenuous of vapours and with its apparent 
instantaneity of response. Even so, the efficiency and rapidity of the process 
that completely deodorizes strongly smelling air was quite startling when first 
encountered. It was, too, surprising to find that the heads of animals which 
had been dead for some 24-30 hr had sorptive properties that were sub- 


_ stantially the same as when the animals had been dead only some 20 min; 


probably this behaviour is an indication that the sorptive process that goes on 
is a physical rather than a biochemical process. The physical nature of the 
process of deodorization of air in the nose was also plainly indicated by the 
way in which the same head could be used repeatedly with different odorants, 
with intermediate flushings out, and apparently with properties that were 
unchanged over a long series of experiments; so far as concerned its deodorizing — 
properties, the head behaved more like a physical instrument than a physio- 
logical specimen, doubtless because the requirement made of it was one that 
was simply physical—that of adsorbing odorants. Furthermore, the experi- 
mental results showed clearly that the sorptive process was at least sometimes 
reversible, and also that preferences of sorption were sometimes shown, that 
after one substance had been taken up by the olfactory epithelium, it could be 
turned out on the arrival of another substance. Both reversibility and pre- 
ferences are characterisic of the physical process of adsorption. There is no 
doubt that the odorant molecules are removed by the interior nasal surfaces, 
and mainly by the olfactory epithelium in the passage of odorized air through 
the nose, and there are certain pointers (slowness of decay of powers of con- 
centration, rapidity of and completeness of action, reversibility and exhibition 
of preferences) to this removal or concentration process being ane more 
nor less than one of physical adsorption. 


The mechanics of adsorption 

In order to correlate the experimental results with both adsorption and the 
properties of smell, it is helpful to have a mind picture of the dynamic nature 
of adsorption. When a gas molecule collides with a solid surface and bounces 
off with the angle of reflexion equal to the angle of incidence, only pressure, 
e.g. that of the atmosphere, is exerted. But some kinds of solid surfaces have 
an attractive force for some kinds of gas molecules and hold them momentarily 
until the vibrations of the surface atoms impart sufficient energy to the captured 
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gas molecules for them to fiy off back in any direction into the gas. It is the 
stay, short though it is, which is important; it means that a concentration of 
gas molecules is built up on the surface of the solid, or that the surface has 
sorptive properties for the gas. The longer the stay of the gas molecule on the 
solid surface, the greater will be the concentration of the gas absorbed. 
According to de Boer (1953): ‘Heats of adsorption between 10 and 15 kcal/mole 
represent figures found for many gases consisting of heavier molecules, in- 
cluding the molecules of many organic substances, at various technical — 
adsorbents.’ Such heats of adsorption would correspond to times of adsorption 
(i.e. average time of stay of the gas molecules on the solid surface) of about 
10-*-10-* sec and if an organic odorant molecule makes a stay of 10~* sec 
there will soon be an enormous concentration of such molecules on the 
adsorbent surface. If about 10% of them hit each cm? of the olfactory receptors 
every second, and if their time of stay, i.e. their time of adsorption is 10~ sec, 
then at any moment there will be 10% x 10~* or 10” molecules adsorbed on 
each cm? of surface (or whatever smaller number is sufficient to complete a 
monomolecular layer). If an odorant is mixed in air in a concentration of 
0-01 %, then there will, with a time of adsorption of 10-* sec, soon be 10% x 10-4 
x 10-* or 10 molecules of odorant adsorbed per cm? of solid surface. It is 
apposite to recall that the pigmented olfactory membrane in man extends to 
an area of 5 cm? on either side. Equilibrium is rapidly reached, but there is 
no rest; each millionth of a second millions of millions of molecules are touching 
down on to the solid surface and an exactly equal number are taking off. The — 
system is dynamic. It will be of interest to examine the implications of the 
quantitative measurement of one odorant which was picked up by the experi- 
mental sheep’s head. 


Quantity of benzaldehyde adsorbed 

The quantity of benzaldehyde picked up by the interior nasal surfaces of 
a sheep was found experimentally to be 200ug or 10'* molecules. If we postu- 
late that these molecules are arrranged in a monomolecular layer we can calcu- 
late that they would cover an area of about 3 m*. At first sight this area seems 
to be very much larger than anything we could expect to find in the head of 
a sheep, and furthermore, if smell is stimulated by adsorption and if quality 
discrimination is due to selectivity of adsorption it would seem likely that only 
a portion of the surface adsorption sites would be filled by any particular 
adsorbate, so that we may have to recognize an area of 3 m® as being only a 
part of that available for olfactory stimulation. 

There are two possible explanations: 

(1) That the true surface area of the olfactory membrane is enormously 
greater than the apparent area from inspection would suggest. There is nothing 
unlikely in this. All of the common industrial adsorbent materials have 
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ts enormous area/mass ratios, because they are so riddled with cavities, fissures 
f | and pores; thus fuller’s earth can have a surface area of 80 m* per gram 

| according to Granquist, Mitch & Edwards (1954) and even higher ratios are to a 
be found in activated carbon. An area of 3 m? would be given by about 0-04.g 1 
of fuller’s earth. There is no reason to suppose that Nature, in choosing adsorp- a 


: tion as the process that would enable primitive forms of life through their 
: ability to detect, by the sense of smell, food and mate, to survive at all, would 
| 4 choose an adsorbent inferior in quality to those that we so easily make by the 
_ hundreds of tons. Very possibly the adsorbent in the olfactory areas will set 
us some quite new standards for adsorbents. * 


: (2) That the adsorption is not mono- but multi-molecular, that the layer of a 
) odorant adsorbed on the olfactory membrane may be perhaps a hundred q 
| molecules thick. 

Until we know more about the real area of the olfactory epithelium there is q 
insufficient evidence available to choose between the two possibilities, although 


the behaviour of the sense of smell points to the first as being the more likely. q 
Some support for this view comes, too, from the work of Bloom & Engstrém a 
(1952) and Engstrém & Bloom (1953). They have found by electron-micro- q 
_ graphy of the olfactory region that its surface is covered by an enormous q 
number of hair-like filaments by means of which ‘the olfactory region acquires 3 
an enormous enlargement of its free surface, which must be of the utmost : { 


importance for its physiology’. It can be calculated from their results that : 
even if the filaments have smooth surfaces, which seems unlikely, their total a 
area in man is of the order of 0-1 m?; if their surfaces are wrinkled, Asia or a 
fissured then their area will be correspondingly greater. : 


| The smell stimulus a 

It is a matter of everyday experience that odour is air-borne; we smell 
downwind, and we cannot smell through any air barrier such as a glass bottle. 
It is generally agreed (Dyson, 1938) that a prerequisite for a substance to be 
odorous is that it shall be volatile; no non-volatile substance is odorous. The 
primary stimulus for olfaction is the presence of molecules of an odorant 
material in the air which is inspired-and is drawn over the olfactory membrane. 
__ What happens when the odorant molecules reach the olfactory receptors is not _ 
ee yet generally agreed. The possibilities would seem to be: (1) simple contact q 
of odorant.and receptor; (2) a chemical reaction between odorant and receptor ; 

(3) solution, i.e. the odorant dissolves in the tissues of the receptors; (4) adsorp- a 
tion of the odorant on the receptor surfaces. a 
Simple contact of the odorant molecules with the receptors simply means a 
that the odorant gas molecules hit the receptor surfaces and bounce off 
immediately; this would do no more than exert pressure, and the pressure 
would be the same whether pure air or odorized air was inspired. It is change 
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that is necessary for stimulus and such change would not be provided by the 
odorant molecules if nothing more than simple contact was involved. 

The sort of chemical theory that might be put forward is that the olfactory 

cell would contain enzymes capable of inducing a reaction between the 
odorant and some other material in the cell. The reaction would have to take 
_ place rapidly and the end products would presumably be removed by the 
blood stream. A considerable objection to any theory of this kind is that many 
odorant materials are fully saturated and chemically unreactive. For example, 
hexane and heptane and similar fully saturated hydrocarbons are strongly 
odorous but they are unlikely to take part in any chemical reaction under the 
conditions of temperature and pressure that obtain in the body. 

The possibility that the olfactory stimulus is simply the act of solution of 
the odorant in the nasal liquids has received some attention. Backman (1917) 
has suggested that both aqueous and lipoid solubility are necessary for smell, 
and he has instanced the homologous series of aliphatic alcohols; methyl and 
ethyl alcohols are both readily soluble in water but they have only low 
solubilities in fatty substances and they are, therefore, only mildly odorous, 
whilst the high members of the series such as cetyl! alcohol, although readily 
fat-soluble, are insoluble in water and therefore inodorous. Intermediate 
members such as the butyl and amy]! alcohols are soluble in both water and 
fats and therefore have powerful smells. Such considerations, however, must 
be restricted to a homologous series, otherwise chemical differences will far 
outweigh solubility differences; for example, acetone has only a low solubility 
in lipoids but it has a strong smell, and xylene and naphthalene, which are 
practically insoluble in aqueous liquids, both have strong smells. McCord & 
Witheridge (1949) have suggested ‘on the basis of frankly labeled speculation’ 
that the odorant dissolves in the nasal equipment and that the bonding angles 
which unite the atoms in the odorant molecule are modified during solution 
and that it is this modification that provides the stimulus. Undoubtedly there 
are parallels that can be drawn between smell and solubility, as indeed there 
are between smell and almost any physical property; probably that is as far 
as it is safe to go. The main difficulty in the way of accepting solution as the 
smell stimulus is the insolubility of many powerful odorants in the body 
fluids. 

The fourth possibility, that it is adsorption of the odorant molecules on the 
olfactory membrane that provides the stimulus for olfaction, does not seem to 
suffer from such serious disadvantages. Furthermore, adsorption is a rapid 
process in which equilibrium may be established in a hundredth ora thousandth 
part of a second; it is a completely reversible process; it is ‘clean’ in the sense 
that there are no chemical residues to dispose of; and always the adsorption 
of a gas on a solid surface is, because of the loss of freedom of the gas molecules, 


exothermic so that energy is released. There is also the evidence given in an — 
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earlier paper (Moncrieff, 1954), that substances with similar smells behave 
similarly amongst themselves to different adsorbents, but differently from 
other substances with different smells. 

It may, too, be significant that those adsorbents that are most useful such 
as charcoal and silica gel will very quickly and often completely adsorb 
odorous material from air—they deodorize it. The one process, from all 
chemical and physical processes with which we are familiar, which is most 
closely associated with smell is adsorption. None of the others: boiling, con- 
densing, melting, dissolving, crystallizing, illuminating, irradiating, electrifying, 
magnetizing, oxidizing, reducing, hydrolysing, polymerizing, has that. special 
connotation with smell that adsorption has, The easiest way to catch a smell 
and hold it for future reference is to adsorb it. 

The experimental findings given earlier in this paper, that odorous air can 
be deodorized by the interior nasal passages of a dead animal, show clearly 
that sorption of the odorant does take place and there are strong indications 
that the sorptive process is one of physical adsorption. The sorptive behaviour 


of portions of the olfactory membrane, wher isolated, affords supporting 


evidence that adsorption is the initial step in the stimulation of smell. _ 

The dynamic character of adsorption accounts satisfactorily for the apparent 
instantaneity of smell perception and for its equally rapid cessation when the 
odour source is removed. The same dynamic character accounts easily for our 
ability to discriminate between similar odours of different intensity because 
when equilibrium is reached between those odorant molecules that have been 
adsorbed on the olfactory surfaces and those that are in the air in the nasal 
passages, then the area of receptor surface covered by adsorbate molecules 
will be greater, the higher is the concentration of odorant molecules in the 
inspired air. Quality discrimination of smell is also easy to envisage; it will 
depend on whichever areas of the receptors are covered with a molecular 
layer of adsorbed gas molecules. Adrian’s (1954) work shows that there 
is a specificity of spatial activation; doubtless there are different kinds of 
receptors, some favourable to lodgment of molecules of spherical shape which, 
according to Timmermans (1954), will often give a camphoraceous type of 
odour, whilst others will afford suitable sites for the adsorption of different 
kinds of molecules with different shapes. Additionally, the time of adsorption, 
i.e. average time spent by the molecules on the receptors, is a characteristic 
which alone could account for an infinity of smells; all the evidence shows that 
it varies greatly from one gas to another, that it is characteristic for a particular 
substance on a given adsorbent. It is possible that the temporal charac- 
teristies may be as important as the spatial in determining the quality of a 
smell. 

Finally, unless there were some selective process such as adsorption which 
could concentrate the odorant molecules, it is very difficult to imagine how 
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such immense dilutions in air of odorants like the mercaptans ‘and the musks 
can stimulate smell, as they are known to do. The fundamental feature of 
adsorption is that it-is a process of concentration. 


SUMMARY 


1. It is shown that the olfactory membrane when cut away from a newly 
killed animal will render some kinds of odorized air odourless. 

2. It is also shown that when odorized air is passed through the nasal 
passages of the sealed head of a newly killed animal it emerges odourless, for 
a time which depends on the nature of the odorant. 

3. The implications of these sorptive properties of the olfactory membrane 
are examined and are correlated with the properties of smell. 


The work described has been carried out with funds provided by Airkem Inc., New York. 
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NATURE OF NEUROMUSCULAR FACILITATION BY 
SYMPATHETIC STIMULATION IN THE FROG 


By O. F. HUTTER* anp W. R. LOEWENSTEINt+ 


From the Wilmer Institute, The Johns Hopkins Hospital and University, 
Baltimore, Maryland 


(Received 3 May 1955) 


It has long been known that stimulation of the sympathetic nerve supply to 
fatigued frog skeletal muscle causes, besides vasoconstriction, an increase in 
the twitch tension (Orbeli, 1923). This phenomenon was at first considered to a 
support the view that skeletal muscle receives a secondary innervation from the _ 


sympathetic system, but it is now generally attributed to the action of an : q 
adrenaline-like substance diffusing from the nerve endings of the vascular 3 ] 
sympathetics to the adjacent muscle fibres (Corkill & Tiegs, 1933; Wolff & j 


Cattell, 1934), According to most workers (see Tiegs (1953) for a review) 
sympathetic stimulation, in the frog, has a defatiguing action only when the 
muscle is excited through the motor nerve. It has therefore been concluded 
that the increase in the twitch peak tension is due to a partial relief of neuro- 
muscular block. The nature of the facilitation of transmission remains, how- : 
ever, relatively unexplored, perhaps because of the somewhat marginal nature 
of the effect and the alleged irregularity of its appearance. a 

In the present experiments it was found that the facilitation of transmission a 
is brought about by an increase in the amplitude of the end-plate potential 4 
and that the mechanism underlying this change is located at the post-synaptic 
part of the neuromuscular junction. It seems that sympathetic stimulation 
» and noradrenaline sensitize the motor end-plates to acetylcholine. An effect of 
sympathetic stimulation on apparently unfatigued slow skeletal muscle fibres 
of the frog is also reported. — 

METHODS 


Nerve-muscle preparations of male frogs (Rana pipiens) were used at room temperatures varying 
from 20 to 27° C during the months of December to May. The sympathetic nerve supply to the 
iliofibularis and to the sartorius was prepared for stimulation by dissecting the sympathetic chain 
downwards from the 6th ganglion, cutting the rami communicantes of ganglia 7 and 8. The 9th 
and 10th spinal nerves were then cut above the point of entry of the rami from the 9th and 10th 


* Rockefeller Foundation Fellow, from the Department of Physiology, University College London. 
+ Kellogg Foundation Fellow, from the Instituto de Fisiologia, Universidad de Chile, Santiago. 
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sympathetic ganglia, and the isolated nerve-muscle preparation was set up in a bath. Stimulation 
of the sympathetic chain and of the motor nerve was done in paraffin oil, stretches of the sciatic 
nerve remaining in Ringer’s solution to act as diffuse ground leads. When tubocurarine was used 
to block neuromuscular transmission, the sympathetic chain and the proximal part of the sciatic 
nerve were placed in a separate container to avoid block of transmission of impulses through the 
sympathetic ganglia. The stimuli given to the sympathetic chain were square voltage pulses of 
1 msec duration; those given to the motor nerve were 0-2-0-3 msec long and only slightly stronger 
than the minimum voltage necessary for stimulation of all the fast motor nerve fibres. To stimulate 
the small motor nerve fibres to iliofibularis, ventral roots 9 and 10 were dissected after freeing the 
sympathetic chain. The stimulating cathode was placed near the origin of the appropriate root 
and the fast motor fibres blocked at the anode (Kuffler & Vaughan Williams, 1953). The numbering 
of the spinal roots and of the sympathetic ganglia used here accords with the nomenclature of 
Ecker & Wiedersheim (1896) previously adopted in this laboratory ; the hypoglossus is enumerated 
as the second spinal nerve, so that the 8th to 10th roots in this text correspond to the 7th to 9th 
in the description of Langley & Orbeli (1910). In a few experiments the submentalis muscle was 


‘isolated, together with the os dentale of the lower jaw and stimulated through one of the internal 
mandibular nerves. 


$2 


M. iliofibularis 


Fig. 1. Diagram illustrating arrangement of stimulating electrodes on sympathetic chain (8 1) 
and on motor nerve ($2) to iliofibularis. Ganglia numbered as in text. 


Tension was sosctdled by means of a mechano-electrical RCA Transducer. Action potentials — 


and end-plate potentials were fed into a condenser coupled amplifier. When the end-plate response 
to repetitive nerve stimulation was studied, d.c. amplification was used. For intracellular re- 
cording KCl-filled glass microelectrodes were used (Ling & Gerard, 1949). In the experiments with 
sympathetic stimulation the muscle was kept in paraffin oil surrounded by only a thin film of 
Ringer’s solution. This was important, since in some experiments with intracellular electrodes in 
which the muscle was allowed to remain in a large bulk of solution, the usual effects could not be 
obtained, presumably because of too rapid diffusion of the released sympathin. Depolarization 
of the motor end-plate zone by acetylcholine was measured in sartorius muscle as described by 
Fatt (1950) and by Castillo & Stark (1952). The leading electrodes were brush bristles soaked in 
Ringer’s solution and suitably connected to Beckman calomel half-cells, One electrode was placed 
on the pelvic end of the muscle, and the other on the motor end-plate region, which was located 
at the beginning of the experiment by determining the region of maximal depolarization produced 
by acetylcholine. For most of the time the muscle was covered by Ringer’s solution. 10 sec before 
each reading the solution was withdrawn into a reservoir. A high input impedance electrometer 
amplifier and a galvanometer were used to measure the potential difference between the electrodes. 
Drift in the recording system including the electrodes was not more than 0-05 mV during the 
5 min required for the depolarization to develop. Neostigmine methylsulphate in a concentration 
of 1 in 10® was added to all solutions used in these experiments. 

Ringer's solution was made up with the following ionic composition expressed in m-mole/l.; 
Na 112:8, K 2-7, Ca 1-8, Cl 117-3, HCO, 1-8. Adrenaline chloride (Parke, Davis and Co.), and 
noradrenaline bitartrate (Winthrop-Stearns) in ampoules containing no organic preservative, 
were used. Shp ascorbic acid 1 in 10* was added to 
Ringer’s solution. 
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| RESULTS 
The sympathetic innervation of the leg muscles 

Several workers have noted that stimulation of the sympathetic chain has an 
effect on the muscle twitch only in a proportion of the animals tested (Corkill 
& Tiegs, 1933; Wolff & Cattell, 1934). A conceivable reason for this could be 
occasional failure to excite high threshold sympathetic nerve fibres supplying 
the muscles, for spread of current to the sciatic nerve sets a limit to the strength 
of stimulus which can be applied. We have therefore made experiments to 
determine the conditions necessary for successful stimulation. 

The sciatic nerve receives sympathetic fibres from the 8th, 9th and 10th 
sympathetic ganglia. The ramus of the 8th ganglion contains both pre- and 
post-ganglionic fibres; the rami of the last two ganglia mainly post-ganglionic 
fibres (Langley. & Orbeli, 1910). So long as the ramus of the 8th ganglion is 
intact it is difficult to separate the sympathetic chain from the sciatic nerve 
and to lift it into paraffin oil for stimulation. We have, therefore, always cut 
this ramus, and we have contented ourselves with stimulating the major 
portion of the pre-ganglionic sympathetic outflow through a stimulating 
cathode placed on the chain just below the 8th ganglion. Under these condi- 
tions an action potential in the sciatic nerve consisting of three components is 
usually observed (Fig. 2a). The first is a fairly synchronous spike conducted at 
velocities between 5 and 6 m/sec at 22-26° C; it corresponds to the post- 
ganglionic B fibres in the bull frog (Erlanger & Gasser, 1930; Bishop & O’Leary, 
1938). This is followed by a smaller spike produced by fibres conducting at a 
velocity near 0-6 m/sec; because this conduction velocity compares with the C, 
fibres in the dorsal root, we have called it the C, sympathetic spike. Both the B 
and the C, elevation appear simultaneously as the stimulating voltage reached 
threshold (Fig. 26), indicating that a group of preganglionic fibres of similar 
excitability make connexion with cells whose axons conduct at different 


- velocities. When the stimulus voltage is increased to a value about ten times 


that necessary to produce the B and C, components a third deflexion becomes 
evident. It is produced by a group of fibres with a conduction velocity near 
0-2 m/sec, the C, sympathetic fibres (Erlanger & Gasser, 1930). 

To determine which of the three groups of fibres carries sympathetic 
impulses to the muscles we have recorded from the nerve branches to sartorius 


and iliofibularis, When precautions were taken to avoid electrotonic leading 
_ from other branches of the sciatic nerve, only the C, action potentials could be 


traced into the muscle nerves (Fig. 2c). The faster fibre groups could readily 
be detected in the skin nerves. In a number of instances we failed to record 
sympathetic action potentials in the sartorius nerve. It seems likely that in 
those cases the sympathetic fibres had their origin in the 8th ganglion and 


entered the sciatic nerve at the lumbo-sacral plexus together with the motor 
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fibres to sartorius running in the 8th spinal nerve. In iliofibularis this 
difficulty was not encountered, and we therefore used this muscle in most 
experiments involving sympathetic stimulation. 

In a few preparations the 9th and 10th ganglia were treated with nicotine. 
This led to rapid disappearance of all sympathetic action potentials in the 
sciatic nerve (Fig. 2d). It appears, therefore, that a stimulating cathode above 
the 9th ganglion stimulates mainly pre-ganglionic fibres, and that the pre- 
ganglionic fibres with the higher threshold of excitation supply the ganglion 


AAA A AA AY 
Fig. 2. Sympathetic nerve action potentials recorded from sciatic trunk (a, 6) and from motor 
nerve to iliofibularis (c). In (a) and (c) the sympathetic chain was stimulated with shocks 
strong enough to stimulate the whole sympathetic outflow. In (b) the stimulus was sub- 
maximal, (d), as in (a) but after treatmentof sympathetic ganglia with nicotine. Time : 60 cycle. 


cells giving rise to the C, sympathetic fibres to muscle. In view of these facts 
we made a few experiments to determine the conditions for transmission of 
impulses through the ganglia. It was found that the amplitude of the sympa- 
thetic action potential in the muscle nerves was well maintained for 1-2 min 


at stimulus frequencies up to 10 per sec. This ge a was therefore chosen 
in most experiments. 


Changes in twitch tension and action potential — 

Fatigued muscle. Fig. 3 shows that stimulation of the sympathetic nerves 
to iliofibularis relieves the fatigue that develops in the muscle when it is 
stimulated through the motor nerve. This is the phenomenon described by 
Orbeli (1923). We have been able to obtain an increase in the twitch tension 
or an arrest in the development of the fatigue whenever sympathetic nerve 
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volleys could be shown to reach the muscle (twelve out of fourteen experi- 
ments). The effect could be obtained several times in an experiment, provided 
the muscle was allowed to rest long enough to recover. Corkill & Tiegs (1933) 
gave evidence that the increase in twitch tension by sympathetic stimulation 
in fatigued nerve muscle preparations is due to relief of neuromuscular block. 
Records of muscle action potentials confirm this conclusion. After sympa- 
thetic stimulation the amplitude of the action potential is increased, indicating 
a recruitment of muscle fibres that have previously failed to respond. The 
increase is not great but it follows closely the time course of the augmentation 


of the twitches (Fig. 3). 
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potential amplitude (O, arbitrary units) of untreated iliofibularis. Motor nerve fibres excited 
Initial tension 1-5 g; temp. 23° C. 


Curarized muscle. According to Corkill & Tiegs (1933) sympathetic stimula- 
tion is without effect on the twitch tension of directly stimulated, fully 
curarized frog muscle. Confirming this, we have not seen a change in the 
twitch tension under similar conditions (Fig. 4). It would appear, therefore, 
that the contractile mechanism of isolated frog muscle is not potentiated by 
sympathetic stimulation as is the contractile mechanism of isolated mammalian 
muscle (Brown, Biilbring & Burns, 1948; Goffart, 1952). In partly curarized 


_ preparations, on the other hand, an augmentation of the twitch tension and 
_ action potentials in response to maximal motor nerve volleys was regularly 


observed. The time course of the decurarization produced by sympathetic 


nerve stimulation for 2 min at 10 per sec is plotted in Fig. 4. Characteristically, 


the effect has a long latent period, the twitch tension increment reaching a peak 
towards or after the end of sympathetic stimulation. The decline to the original 


level is slow and some evidence of decurarization may still be present for 10 min. 
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Untreated muscle. In a few experiments the effect of adrenaline on neuro- 
muscular transmission in the submentalis was studied. In this muscle trans- 
mission is incomplete even in apparently unfatigued and otherwise untreated 
preparations, provided the initial tension is low (Kufiler, 1952). In a con- 
centration of 1 in 10%, adrenaline caused an increase of 15% (five experiments, 
range 5-24%) in the amplitude of the muscle action potential within 5 min 
of application. 
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Fig. 4. Plot of twitch peak tension (@) and of amplitude of compound action potential (O, 
arbitrary units) of iliofibularis. A, preparation treated with 5 x 10-* tubocurarine; muscle 
excited directly. B, 1 x 10-* tubocurarine; responses to maximal motor nerve stimuli at 
4 per min. Between arrows, sympathetic chain stimulated at 10 per sec for 2 min. Initial 
tension 1-5 g; temp. 22° C. 


Changes in end-plate potential 

Sympathetic stimulation. The facilitation of neuromuscular transmission 
observed in partly curarized muscle prompted us to seek changes of the end- 
plate potential in fully curarized preparations. On measurement, an increase 
in the size of the end-plate potential was found after sympathetic stimulation. 
The increase rarely exceeded 10%, but in well-equilibrated preparations the 
size of the potential recorded from an end-plate focus with external electrodes 
was constant enough for this change to be significant. The time course of the 
effect closely paralleled the augmentation of the twitch tension in partly 
curarized muscle. No change in the relative size of two successive end-plate 
potentials was observed. 

The most striking qualitative evidence for a facilitatory action on neuro- 
muscular transmission was obtained from preparations which were just 
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critically blocked. In such preparations action potentials appeared for a short 
period after sympathetic stimulation (Fig. 5). 

When recording from a single muscle fibre with intracellular electrodes 
random fluctuations in the size of the end-plate potential made it more difficult 


Fig. 5. Records from end-plate foous of critically curarized iliofibularis. External leads. 


(a) Response to motor nerve volley before; (6) 30 sec after stimulation of sympathetic chain 
for 90 sec at 10 per seo, Time, 2 msec. 


Fig. 6. Increase in end-plate potential on stimulation of sympathetic nerves. (a) Curarized 
iliofibularis, intracellular electrodes. Records taken before and 90sec after sympathetic 
stimulation at 10/sec superimposed. Time, 2 msec, (>) Curarized sartorius. External leads. 
Brief tetanus at 150/sec once every minute. Record before and 5 min after treatment 
with 2 x 10~* noradrenaline superimposed. Time, 10 msec. 


to assess the increase caused by sympathetic stimulation. In some fibres, 
however, the random fluctuations were relatively small so that two records 
may be fairly compared. Fig. 6a, taken from such a fibre, shows that 90 sec 
after sympathetic stimulation the end-plate potential is increased by 13%, 


the times to peak and to half decay remaining unaltered. The results from nine 
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fibres are summarized in Fig. 7. It is noteworthy that in these fibres the 
membrane potential remained substantially unchanged; this fact rules out the 
possibility that the augmentation of the end-plate potential is due simply to 
hyperpolarization of the muscle membrane (Fatt & Katz, 1951). 


120 - 
44 
80 | +4 83 
Time, min 


Fig. 7. Effect of sympathetic stimulation on end-plate (™) and mean membrane (A) potentials. 
Nine fibres, in each the mean end-plate potential height during the control period was taken 
as 100%. s.p. about the mean indicated by bars, Between arrows sympathetic chain 
Stimulated for 90 sec at 10/sec. 


TaBLe 1, Effect of adrenaline and noradrenaline on end-plate potential 


Concentration of Concentration of 
adrenaline n 
Percentage increase of 0 ee 0 10 10 
end-plate potential 7 11 12* 0 10 7 
— — 0 6-5* 
* Single fibres. 


Noradrenaline and adrenaline. Provided stimulating and recording condi- 
tions are kept constant, a small but significant increase in the amplitude of 
the end-plate potentials is observed on adding adrenaline or noradrenaline to 
the solution bathing an isolated curarized sartorius muscle. The effect is 
reversible, but a second dose of adrenaline usually produces a smaller response. 
With noradrenaline tachyphylaxis is less evident. Table 1 summarizes the 
changes in the end-plate potential obtained in fourteen experiments 10 min 
after addition of these amines in various concentrations. In the experiments 
with adrenaline the effect only of the first dose in each preparation is given. 
It indicates that adrenaline is active in greater dilution than noradrenaline, 
but the maximum increase obtainable is the same for the two amines. A similar 
limit in the maximum response obtainable was noticed on stimulating the 
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sympathetic. chain at different frequencies. For example, stimulation at 
1 per sec had sometimes as much defatiguing effect as stimulation at 10 per sec. 
As with sympathetic stimulation, no significant change in the resting potential 
of the musele fibre could be detected with intracellular electrodes, but drift 
in the recorded membrane potential was larger in these longer lasting experi- 
ments, and we cannot altogether rule out changes in the order of 2-3 mV. 
However, our finding is in general agreement with that of Brown, Goffart & 
Vianna Dias (1950), who also noted that in the frog adrenaline does not cause 
the increase in the demarcation potential observable in the cat. 

Noradrenaline also increases the end-plate potentials obtained during 
repetitive nerve stimulation. Fig 66 illustrates an experiment in which the 
end-plate response was recorded before and after treatment with 2 x 10-* 
noradrenaline. It shows that each end-plate potential of the short tetanus is 
increased by about 10%. This maintained augmentation by noradrenaline is of 
interest because a facilitation of prejunctional origin is not maintained through- 
out a period of repetitive nerve stimulation (Feng, 1941; Hutter & Trautwein, 
unpublished). 

Effects on slow skeletal muscle fibre system 
The slow muscle fibres respond to stimulation of their motor innervation 


_ by local non-propagated potentials, the small-nerve junctional potentials 


(Kuffler & Gerard, 1947; Kuffler & Vaughan Williams, 19532). These potentials 
sum both spatially and temporally, the tension produced by a slow fibre being 
related to the degree of membrane depolarization. Since many similarities 
exist between the twitch fibre and the slow fibre systems, it seemed likely that 
an agent facilitating neuromuscular transmission in twitch fibres would 
increase the normal tension response of slow fibres. 

Fig. 8 shows the effect of sympathetic stimulation on the tension response 
produced by the slow muscle fibres in iliofibularis. The small motor nerve 
fibres in ventral root 10 were stimulated selectively (Kuffler & Vaughan 
Williams, 1953a) at a rate of 30 per sec for 1 sec every 20sec. This gave a 
series of approximately equal contractions. On stimulating the sympathetic 
chain for 2 min at 10 per sec the tension developed in response to the small 
motor nerve tetani increased by 16% above the initial level. In three other 
experiments the contractions increased by 25, 16 and 20%. We made a 
number of attempts to detect changes in the small-nerve junction potentials 


by sympathetic stimulation, but the variation in the size and shape of these 


composite potentials was so great that no reliable results could be obtained. 
The possibility remains, therefore, that the above effects are due to a direct 
action of sympathetic stimulation on the contractile mechanism of the slow 
fibres; this interpretation however seems unlikely in view of our experiments 
on the twitch fibres. 7 
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Fig. 8. Tension developed by ‘slow’ skeletal muscle fibres of iliofibularis in response to selective 
stimulation of small motor nerve supply for 1 sec at 30 per sec. (a) Response during control 
period; (b) Response 90 sec after beginning of sympathetic stimulation at 10 per sec. Time, 
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ig. 9. Potentiation by noradrenaline of motor end-plate response to acetylcholine (4 x 10-’). 
p po y 
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Potentiation of acetylcholine by noradrenaline 

The development of the potential difference between an electrode on the 
end-plate zone of sartorius and another on the pelvic end of the muscle was 
followed by reading a galvanometer every minute after adding acetylcholine 
to the bath. Usually the depolarization produced by acetylcholine 4 x 10-’ 
reached a maximum in 4-5 min; on returning to Ringer’s solution repolariza- 
tion was complete in 15 min. In Fig. 9 the galvanometer readings obtained 
in a typical experiment are plotted. During the control period the depolariza- 
tion caused by successive doses of acetylcholine at 20 min intervals diminished — 
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progressively; this was a constant feature (see also Castillo & Stark, 1952). 

Addition of noradrenaline in a concentration of 2 x 10-* reversed this trend: 

the depolarization due to the second dose of acetylcholine in the presence of 
noradrenaline was greater than that at the beginning of the experiment. On 

removing noradrenaline the response to successive doses of acetylcholine again 

declined. The last two groups of points in Fig. 9 show that a further dose of 
noradrenaline once more potentiated the response of the motor end-plates to 

acetylcholine. If an estimate is made of the probable depolarization caused by 

acetylcholine alone at any time, the effect of noradrenaline can be expressed 
numerically. On this basis, the average increase of the acetylcholine depolari- 

zation by noradrenaline 2 x 10-* was 27 % (seven experiments, range 13-50% ). 

Noradrenaline itself did not noticeably depolarize the end-plate region. 


DISCUSSION 


The mechanism responsible for the increase in the twitch tension caused by 
sympathetic stimulation seems to differ from species to species. In the frog 
muscles here studied a facilitation of neuromuscular transmission apparently 
accounts for most of the effect. In partly curarized rat diaphragm, on the 
other hand, adrenaline acts chiefly upon the contractile mechanism of the 
muscle fibres, and relief of neuromuscular block contributes little to the in- 
crease in twitch tension (Brown ef al. 1948). Further work on different frog 
and mammalian muscles may show that these species differences are only 
quantitative, but at present a correlation between the findings on frog muscle 
and on mammalian muscle (see Burn (1945) for a review) seems premature. 

Our results show that noradrenaline increases the depolarization produced 
by applied acetylcholine, and it seems justifiable to infer from this that the 
augmentation of the end-plate potential is due to a similar mechanism. The 
nature of the post-junctional change, however, is not made clear by the present 
experiments. The membrane resistance as judged by the time-course of the 
end-plate potential decay does not appear to be appreciably altered by 
sympathetic stimulation. It will therefore be assumed tentatively that the 


sympathomimetic amines released facilitate the reaction between the end- — 


plate receptors and acetylcholine. On this view the action of adrenaline and 
noradrenaline would resemble that of sodium ions which are also thought to 
play a role at the stage of the receptor reaction (Fatt, 1954). 

Whether, in addition, the output of acetylcholine from the nerve endings is 
influenced by sympathetic stimulation cannot be decided from our experi- 
ments, but it seems unlikely that an increase in the amount of acetylcholine 
released per nerve volley contributes to the increase in the end-plate potential, 
for the observed sensitization by noradrenaline adequately accounts for the 
effect. The well-maintained increase in the end-plate potential during a tetanus 
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also distinguishes the present facilitation from those of prejunctional origin. 
Indeed, an increase in the effectiveness of a given amount of acetylcholine 
may be an economical way to obtain a long-lasting improvement of trans- 
mission. For there is much evidence that the amount of transmitter available 
for release per unit time is limited (Perry, 1953), and that any agent increasing 
the end-plate potential by increasing the amount of acetylcholine released per 
nerve volley has only a transient effect. 


In most skeletal twitch muscles of the frog neuromuscular transmission — 


proceeds with a considerable margin of safety. Sympathetic nerve activity can 
therefore play a part only in fatigue. But in some muscles, as in submentalis, 
a degree of block appears to be present even in unfatigued and otherwise 
- untreated preparations (Kuffler, 1952). In such muscles any agent sensitizing 
the muscle to acetylcholine could have added physiological significance. This 
applies also to the slow skeletal muscle fibre system of the frog, where tension 
development and membrane potential are closely related (Kuffler & Vaughan 
Williams, 1953a, b). Whether the frog utilizes the sympathetic facilitation 
mechanism in postural adaptations remains to be decided. 


SUMMARY 

1. In frog muscles which have previously been fatigued through prolonged 
stimulation of the motor nerve, sympathetic excitation causes an increase in 
the twitch peak tension (Orbeli’s phenomenon). 

2. The postganglionic nerve fibres responsible for this phenomenon have 
been identified and the conditions for stimulation of the preganglionic outflow 
are described. 

3. Recording of the compound muscle action potential shows that the effect 
of sympathetic stimulation in increasing twitch tension of the fatigued muscle 
is due to a recruitment of muscle fibres that have previously failed to respond 
to nerve stimuli. When neuromuscular transmission is partly blocked by 
tubocurarine a similar partial relief of block is observed. 

4. In fully curarized preparations sympathetic stimulation, adrenaline and 
noradrenaline increase the amplitude of the end-plate potential. The resting 
potential is not significantly affected. 

5. Noradrenaline sensitizes the motor end-plates to acetylcholine applied 
from without, indicating that the neuromuscular facilitation is of post- 
junctional origin. | 

6. Sympathetic stimulation increases the tension produced by the un- 


fatigued slow skeletal muscle fibres in the frog in response to excitation of the 
smal] motor nerve fibres. 


We take pleasure in thanking Dr 8. W. Kuffler for his kind hospitality and for the very helpful 


interest he has taken in these experiments. This work was supported by a grant from the National 
Institutes of Health. 
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INTRACELLULAR POTENTIALS RECORDED FROM 
A MAMMALIAN SYMPATHETIC GANGLION 


By ROSAMOND M. ECCLES* 


From the Physiological Laboratory, Cambridge, and the Department of Physiology, 


John Curtin School of Medical Research, Canberra, Australia 
(Received 24 May 1954) 


By the use of capillary microelectrodes considerable information has been 
gained of transmission across the motor end-plate (Fatt & Katz, 1951) and the 
anterior horn cell (Coombs, Eccles & Fatt, 1955c). Much of our present 
knowledge of synaptic transmission has been obtained from extracellular 


. recording of the potentials generated during activity by sympathetic ganglion 


cells (e.g. Eccles, 1943, 1944), and it would seem surprising therefore that no 
detailed account of the insertion of microelectrodes into this tissue has 
previously appeared. This is due to the difficulty of introducing such electrodes, 
since tough connective tissue is dispersed throughout the ganglion, and 
furthermore each ganglion cell is surrounded by a fibrous capsule (de Castro, 
1932). However, in spite of the technical difficulties in the insertion of micro- 
electrodes into ganglion cells, it has been possible to penetrate cells successfully 
and to record potentials from them for a short period (always less than 8 min) 
before serious deterioration occurred as shown by progressive decrease in the 
size of the resting and spike potentials. The results show that a preganglionic 
volley sets up a synaptic potential which gives rise to an action potential at 
a critical voltage, thus confirming the conclusions of Eccles (1943). 


METHODS. 


The superior cervical ganglia of rabbits were isolated as described previously (Eccles, 1952). 


For this work young rabbits (1-1-5 kg) were chosen since the connective tissue present in their 
ganglia offered less resistance to penetration than that of mature animals. Some of this 
connective tissue forms a thick sheath around the ganglion which can be removed by dissection. 
but connective tissue is dispersed right through the ganglion and more especially around each 
ganglion cell where it forms a thick capsule (de Castro, 1932). It is likely that this capsule presents 
the greatest barrier to penetration of the ganglion cells themselves (cf. Pascoe, 1955). 

The isolated ganglion was placed in a chamber similar to that described by Draper & Weidmann 
(1951). The ganglion was immobilized by holding it firmly to the Perspex by nylon mesh. The 

* Present address: Canberra, Australia. 
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preganglionic trunk was led through a slot into a second chamber, placed on two stimulating 
electrodes, and then covered with paraffin oil at 38° C. The ganglion was immersed in a solution 
with the composition shown in Table 1. This solution was equilibrated with 95% 0,, 5% ©0,, 
and kept at a temperature of 36-38° C. 

Microelectrodes were initially pulled by hand and filled with 3m-KCl by boiling. More recently 


they have been drawn in a machine, filled with ethyl alcohol, then placed in distilled water for 


several hours and finally immersed for at least 24 hr in 3m-KCl (of. Tasaki, Polley & Orrego, 1954). 
The criteria for the microelectrodes for this work were very rigid; they must not be more than 
0-5. in diameter at the tip; they must possess an electrical resistance of 15-30 MQ when filled 
with 3m-KCI; and they must be fairly robust so as to withstand the stress of penetrating through 
connective tissue without breaking. A Singer micromanipulator was used in Cambridge, and in 
Canberra the micromanipulator was one designed and built by Mr Winsbury (cf. Appendix of 
Eccles, Fatt, Landgren & Winsbury, 1954). In order to permit an examination of the action 
potentials at different amplifications and yet to record the resting potentials, the cathode follower 
was led to a meter as well as to the direct-coupled amplifier feeding the oscilloscope. The resting 
potential could be read from the meter, even when the amplification had been altered. 


TABLE 1. Composition of bathing solution. Concentrations in m-moie/I. 


149-9 Cl- 146-9 
Kt 5-0 HCO; 12-0 
Ca*+ 2-0 POF 1-0 
Mg*+ 0-5 Glucose 11-0 


The first insertions of the microelectrode were made at the rostral end of the ganglion, and 
subsequent insertions were made progressively more proximally. This was done in order to 
minimize the damage to the preganglionic fibres supplying the cells under observation. The micro- 
electrode was lowered rapidly to within 0-5 mm of the ganglion. At this stage the oxygen supply 
was cut down to reduce the movement which was still apparent despite a good baffle-plate. The 
microelectrode was slowly lowered until changes in the electrical potential were observed indi- 
cating that the electrode had made contact with the surface of the ganglion. The site of insertion 
was carefully observed for signs of dimpling, which was taken as a signal of tissue resistance. 
If dimpling was very noticeable the electrode was withdrawn and re-inserted. The micro- 
electrode was lowered in small movements of less than 5 and, after each shift, time was allowed 
for the completion of the movement of the electrode tip. The principal disadvantage of this 
system was the necessity of reducing the O, supply, sometimes to zero, in order to prevent any 
movement, but ganglion cells recover even after long periods of anoxia (Bronk, 1939). Also no 
serious injury has apparently been produced, for action potentials have been observed from 
ganglion cells 30 hr after excision, and during the last 6 hr there were frequent periods of low 
oxygen concentrations for 5-10 min. 

Preganglionic volleys have been used throughout to provide the stimulus for the ganglion cells. 
The postganglionic trunk has been so short that it has not been practicable to stimulate it at the 
same time as the microelectrode was being inserted into the ganglion. 


RESULTS 


A. Resting potential 
As the microelectrode was inserted through the ganglion there were frequent 
small changes of potential of unknown cause. The sudden development of a 
large negativity provided the signal for testing by a preganglionic volley. If no 
electrical response was generated, it could not be presumed that there had been 
a penetration of a nerve fibre or nerve cell, and all such potentials were rejected. 
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If, on the other hand, an electrical response was observed, its form and time 
course provided evidence for its pre- or post-ganglionic origin. Small spike 
potentials with a very short duration, 1-2 msec, and with no sign of a small 
preceding depolarization, were attributed to impulses in nerve fibres rather than 
ganglion cells. Postganglionic fibres may be distinguished from preganglionic 
fibres by the latency of the spike and the time course and size of the after- 
potentials (Grundfest, 1940; R. Eccles, 1952). When a ganglion cell was pene- 
trated, the resting potential was more stable, the spike potential had a much 
longer duration, 4-7 msec at 37°C, and was followed by a hyperpolarizing 


80 mV 
A 
B 


10 msec atti 20 msec 
Fig.1. Fig. 2. 
Fig. 1. Action potentials in response to preganglionic stimulation recorded just after penetration 
‘of a cell (A) and a few minutes later (B). Arrows mark the point of inflexion. 
Fig. 2. (A) is the response to a preganglionic volley in a ganglion at 20° C. Voltage scale, 80 mV; 
duration of sweep 50 msec. Resting potential 82 mV. (B), (C) and (D) are responses from 
a heavily depolarized cell with a resting potential of about 50 mV. (C) and (D) are the 
responses recorded at just threshold stimulation. Voltage scale for (B), (C) and (D), 40 mV; 
time scale, 20 msec. 


afterpotential. In twelve ganglion cells, spike potentials have been recorded 
without any apparent sign of deterioration for more than 2 min. The majority 
of the resting potentials fell in the range 65-75 mV, though occasionally larger 
potentials have been recorded, the greatest being 82 mV (cf. Fig. 1B). Just 
after penetration the resting potential was 72 mV, and during the next 10 sec 
it increased steadily to reach a value of 82 mV. This increase in resting potential 
was accompanied by an increase in the size of the spike potential (cf. Fig. 1A, 
B). It is possible that initially the membrane had imperfectly sealed itself 
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| ground the penetrating microelectrode with the consequence that a small shunt 
_ reduced both the spike and the resting potential. Thus the larger value, 82 mV, 


is probably much nearer the resting potential of an uninjured ganglion cell. 


- Sometimes the ganglion cell spontaneously discharged impulses, which pre- 


sumably were generated by the injury current flowing through areas of the 


ell membrane that had been damaged by the penetrating electrode. The 
resting potentials of such cells were never greater than 65 mV and rapidly 


declined to very low values. | 
An error is introduced into the measurement of resting potentials in ganglion 


_ cells because the zero line on withdrawal may be several millivolts in either 


direction of the initial zero line. This error is caused by variations in junctional 
potentials of the electrode, and is not due to a drift of the direct-coupled 


amplifier. 
| B. Spoke potential 

The ganglionic spike potential invariably rose from an initial depolarizing 
potential. This initial depolarization, or synaptic potential, will be fully 
considered in section C. The spike potentials themselves were rarely more than 


- 90mV. In Fig. 1B the spike potential was greater than that recorded 3 min 


earlier. This increase in spike potential size, from 72 to 95 mV, corresponded 
with an increase in the resting potential (cf. section A). The largest spike 
recorded was 103 mV in a ganglion at room temperature, probably 20° C 
(Fig. 2A). Several cells have given spike potentials at a steady level, 75-85 mV, 
for several minutes (Fig. 3). Though the potential form of the ganglionic 
response to a single preganglionic volley often altered in the interval between 
the responses (Fig. 3B, C), the actual size of the spike potential was not signifi- 
cantly changed. However, a steady decrease in the resting potential of a 
ganglion cell was accompanied by a reduction in the size of the action potential 
(cf. records of Fig. 4). Another observation made on several cells was that spike 
potentials, whether they rose early or late from the initial depolarizing potential, 
did not differ in absolute size provided that the resting potential was constant. 
Even though the temperature of the bathing solution was 37° C the spike 
potentials had a slower time course than any other known nerve cell. The 
values for time of rise to peak and total duration lay in the ranges 1-5 to 


_ 3 msec and 4 to 7 msec respectively. 


Following the spike potential of a cell which had been impaled successfully 
only a few seconds earlier, there was usually a small depolarizing after-potential 
of 1-5 mV (Fig. 1A). Sometimes a larger depolarizing after-potential was 
recorded which resembled the synaptic potential in size (10-15 mV) and with 
a duration of up to 20 msec (Fig. 3A, B). Since this was observed only when 
a strong stimulus was applied to the preganglionic fibres, it was probably due 
to synaptic potentials superimposed on the after-potential. Such synaptic 
potentials would be produced by impulses travelling in higher threshold 
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pre-ganglionic fibres. The depolarizing after-potential was recorded from only 
a few cells, immediately after they had been penetrated by a microelectrode. 

With most cells the spike potential immediately declined to a phase of 
hyperpolarization, i.e. to a membrane potential larger than the resting potential 
(Fig. 1B). This hyperpolarization following a spike discharge has already been 
described in motoneurones with low resting potentials (Coombs, Eccles & Fatt, 
1955). In cells whose resting potentials were rapidly decreasing, the hyper- 


100 msec 
10 msec i 
20msec 
Fig. 3 Fig. 4. 


Fig. 3. Action potentials recorded after preganglionic stimulation. Arrows mark a i 
. the point of inflexion. (A) and (B) are recorded just after penetration of the cell, (C) is the 
response taken 1 min later. Potential scale: 50 mV for all responses. , 
Fig. 4. The action potentials of a ganglion cell to preganglionic stimulation are recorded as the 
resting potential steadily decreases. (A) is the response just after penetration and (D) the 
response just before the cell failed to respond to stimulation. 


polarization was as large as 20 mV (Figs. 1B, 4C). Later it decreased as the 
resting and spike potentials fell to still lower values. This increase and then 
decrease in the hyperpolarization is illustrated in Fig. 4. The earlier records 
(Fig. 44, B) were complicated by additional synaptic potentials obscuring the 
full time course of this hyperpolarizing potential, which reached a maximum 
in Fig. 4C (of. Fig. 4B, D). 

In cells recently penetrated by a microelectrode it was often possible to 
record a later hyperpolarization with a duration of 100 msec (Figs. 1A, 3). 
This hyperpolarization corresponded'with the positive after-potential following 
the spike potential of the whole ganglion, though it was much briefer. When 
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the earlier hyperpolarization developed, e.g. in Fig. 1 B, it is difficult to detect 
the size and time course of the later hyperpolarization since it is submerged in 
the earlier hyperpolarization (Figs. 1B, 3C). However, it can be seen from 
Fig. 3A to be about 3 mV in size with a duration of 90 msec. 


C. Synaptic potential 
in Fig. 2C and D the spike was clearly preceded by a more slowly Pace a 
depolarization, the synaptic potential, which, in some of the records, could be 
seen uncomplicated by the spikes. The full time course of the synaptic potential 
was longer than the spike potential and there was no subsequent hyper- 
polarization. The total duration of the synaptic potential was only 20 msec; 


_ probably it was shortened by currents flowing through the injured membrane 


(Fig. 2B). The absence of a later phase of hyperpolarization can be observed 
either in the superimposed records of Fig. 2C and D or from Figs. 6 and 2B. 
The initial depolarization preceding the generation of an impulse is not readily 
detectable in cells with large spike potentials unless fast sweep speeds are 
employed and the strength of stimulus is reduced (Fig. 5). At just threshold 
stimulation the synaptic potential steadily increased, sometimes firing an 
impulse, but. occasionally failing to reach the threshold for excitation (Figs. 
5D and 2B). Fig. 5 illustrates the effect of a gradual decrease in the stimulus 
strength. The synaptic potential appeared slightly later, presumably on account 
of an increased delay in the generation of the preganglionic volley, for there 


- had been no alteration in the conduction distance or the temperature of the 
_ solution around the ganglion. The rate of rise of the synaptic potential was 


first rapid (1-7 V/sec) and later the rate of rise decreased to 0-9 V/sec before 
an impulse was generated (Fig. 5B). If the stimulus strength was increased 
then there was a faster rate of rise for a synaptic potential before the generation 


_ of an impulse (6-6 V/sec in Fig. 5A). The synaptic potential, uncomplicated by 


any spike discharge, had an initial rate of rise of 1-4 V/sec before reaching 


 & plateau (Fig. 5D). The actual levels of depolarization (about 14-5 mV) 


reached before the generation of the impulse were identical (cf. Fig. 5 A~C). 
The faster rate of rise of the synaptic potential produced by an increase in the 
strength of stimulation is presumably due to activation of a larger number of 
the preganglionic fibres innervating this ganglion cell. Other situations where 
the spike arose late from the synaptic potential were in cells with high threshold 
(Figs. 2C, 3C) in poor condition (Fig. 4C, D), or during the relatively refractory 
period. Even when the spike arises very early from the synaptic potential, the 
point of inflexion from which the spike arises can always be observed (Figs. 1 A, 
B; 3 and 4). 

Occasionally a cell with resting sailed in the range 65-80 mV produces 
only synaptic potentials on stimulation. This might be the result of damage to 


some of the preganglionic fibres supplying this particular cell. Under these 
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conditions fairly large synaptic potentials can be recorded without the compli- 
cation of superimposed spike discharges (cf. Fig. 6). The synaptic potential 
was 23 mV, with a time to peak of 4-4 msec, and a time of 6-1 msec from peak 
to half decay. The maximum rates of rise and of decay were 7-7 V/sec and 
2-0 V/sec respectively. Synaptic potentials from other cells are compared in 
Table 2. It was observed that cells with very low resting potentials had 
synaptic potentials with greatly reduced time courses (Fig. 2B). It seemed as 
if any depolarization of the membrane led to a reduction in the time constant 
of the membrane. This reduction in the time constant of the membrane has 


50 mV 
A >, 


D | 
Fig. 5. : Fig. 6. 


ganglionic volley, and (B), (C) and (D) the responses when the stimulus strength is reduced. 
Arrows mark approximately the commencement of the spike. 


Fig. 6. Synaptic potentials recorded in a cell with a resting potential of 65 mV. (A) is the response 
soon after penetration of the ganglion cell. (B) shows that a small reduction in stimulus 
strength produced no response. (C) stimulus strength as in (A); record taken several minutes 
later. 


TaBLE 2. Comparison of synaptic potentials recorded from seven ganglion cells 


Size of synaptic Time to Total 
potential (mV) peak (msec) duration (msec) 
26 21 
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been seen with external recording from excised curarized ganglia on the 
addition of nicotine, which when present in low concentrations greatly reduces 
the time for decay of the synaptic potential with no apparent alteration in the 
time of rise or in the actual size of the synaptic potential ee 
observations). 
D. Repetitive stimulation 

In Fig. 7A a second preganglionic volley 15 msec after the first set up a 
synaptic potential from which a spike arose after an abnormally long delay. 
The second spike was generated at a lower level of depolarization than for the 
first spike. The delay before the generation of a spike was even longer for the 
third spike (Fig. 7B), which arose at a still lower level of depolarization. All 
subsequent spike potentials after the first were noticeably smaller in size and 
usually had a longer duration. In Fig. 8 the responses to a series of pre- 
ganglionic volleys were recorded at varying frequencies. Even at the fastest 
_ tate of 160/sec there was a small synaptic potential following each preganglionic 
volley, indicating that some preganglionic fibres were capable of responding to 
this frequency. A spike-like potential was superimposed on the second synaptic | 
potential when the preganglionic fibres were stimulated at frequencies greater — 
than 100/sec. Such spike-like potentials, like those observed in Fig. 7, were 
only about half the size of the first spike potential and had a mnch longer 
duration. At 80/sec spike-like potentials were superimposed on all the synaptic 
potentials after the initial spike (Fig. 8D). After a series of spike potentials a 
large hyperpolarization appeared. Occasionally the actual onset of this hyper- 
polarization was complicated by small depolarizations (Fig. 8A) which were 
presumably synaptic potentials generated by higher-threshold preganglionic 
fibres. At frequencies of 35/sec or less, spike potentials were full-sized. The 
gradual failure of the cell can be detected by the reduction in the spike height 
of the first response throughout this series. Corresponding to this reduction in 
spike size the resting potential decreased from 77 to 60 mV by the end of this 
series. 

In another cell repetitive stimulation of the preganglionic nerve trunk gave 


___ no sign of any spike discharges. However, it can be observed in Fig. 9 that, 


even at a frequency as high as 160/sec, there was a small synaptic potential 
generated in response to each preganglionic volley. Despite the greatly 
decreased size of the synaptic potentials, the potential level from which each 
synaptic potential arose was approximately the same throughout this series 
(Fig. 9A). The hyperpolarizations following the series at 32/sec or 25/sec were 
not greater than 1-2 mV. At the faster frequencies the hyperpolarizations 
could not be measured. 
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100 msec 
40 msec B F 
G | 
B 
100 msec 
| 100 msec 
Fig. 7. | Fig. 8. 


Fig. 7. Action potentials recorded in response to repetitive stimulation. Note that in (A) the 
artifact for the second stimulus is partially submerged in the rising phase of the first spike. 

Fig. 8. A series of responses of a ganglion cell to repetitive stimulation. (A), (B), (C), (D) are at 
frequencies of approximately 160/sec, 125/sec, 100/sec and 80/sec. (E) is the response to 
35/sec followed by its 100 msec time scale. (F), (G) and (H) are responses to frequencies 
20/sec, 15/sec and 10/sec respectively with 100 msec time following (H). Potential scale for 
all responses, 50 mV. 


100 msec 
Fig. 9. The responses of a ganglion cell to repetitive preganglionic stimulation. Same cell as for 
Fig. 7. (A) to (E) at frequencies of approximately 160/sec, 100/sec, 64/sec, 50/sec and 40/sec 
respectively. Time scale, 10 msec for A to E. (F) and (G) are the responses to 32/sec and 
25/sec repetitive stimulation respectively. Time scale 100 msec. Potential scale for all 
records, 25 mV. 
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DISCUSSION 


Resting potentials recorded from ganglion cells differed little from those 
observed in other mammalian tissue, e.g. striated and cardiac muscle, and 
- motoneurones (Draper & Weidmann, 1951; Brock, Coombs & Eccles, 1952). 
The full value of the resting potential was usually obtained immediately on 
penetration and, in the majority of cells, remained at this value for a very short 
period of time. The subsequent reduction in the resting potential is hardly 
surprising if the amount of K+ and Cl- leaking out from an electrode (according 
to Nastuk & Hodgkin, 1950, or Coombs, Eccles & Fatt, 19556) is compared 
with the quantity of potassium and chloride in a ganglion cell. Assuming that 
the largest type ganglion cell is equivalent to a sphere with a diameter of 
25u, the amount of K+ leaking out from a 15 MQ electrode in 20 sec will 
approximately be equal to the total quantity of K+ within a cell. On the other 
hand, diffusion of the equally mobile Cl- ion will cause a much larger relative 
change in the intracellular Cl- content, since it is normally present in very low 
concentrations within the cell—probably about 9 mu, if it is in diffusible 
~ equilibrium with the external medium (cf. Coombs e¢ al. 1955a). In spite of the 
rapidity of this ionic diffusion from the microelectrode, some cells gave good 
responses for several minutes without any apparent alteration. Possibly cells 
which were stable over several minutes had a diameter much larger than 25. 
It is also probable that ionic fluxes across the ganglionic membrane largely 
offset the influx from the microelectrode. 

The resting potentials from the cells most successfully penetrated lay in the 
range of 65-80 mV, which agrees with the 40-85 mV range given by Malcolm & 
Perry (1955). Any sudden potential shift of this magnitude was rejected if 


there was no response to stimulation of the preganglionic fibres since only in 


this way can one ensure that the resting potential is from a nerve cell. Many 
of the criteria for successful penetration of motoneurones of the cat’s spinal 
cord were applicable to ganglion cells. With an injured cell there is a gradual 
decrease in the resting potential; the spike potential is small, rises late from 


the synaptic potential and is immediately followed by a reversal to a 


hyperpolarization. 

Examination of the spike potentials reveals a small preceding depolarization. 
It seems that this synaptic potential generates the spike by depolarizing the 
membrane to a critical level. In a ganglion cell with a low resting potential the 
size of the initial depolarization is smaller than in cells with a large resting 
potential (cf. Figs. 2 and 4). The synaptic potentials uncomplicated by spike 
discharges can be up to 30 mV in amplitude with durations of 20-60 msec. 
Pure synaptic potentials are also obtained on stimulation at such a high fre- 
quency that the ganglion cells are unable to generate impulses. — 
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The time course of the spike potential (1-5-3 msec for time to peak) was far 
longer than the 0-5 msec obtained by Draper & Weidmann (1951) for cardiac 
muscle or the 0°3 msec given by Brock e¢ al. (1952) for motoneurones. The 
slower rise and fall may be due to slower time courses for the Na+ and K+ 
carrier mechanisms respectively. 

The potentials following an action potential are usually hyperpolarizing, 
depolarizing and later hyperpolarizing again. The earlier hyperpolarization 
which is enhanced by the presence of a low resting potential, seems to be 
similar to the positivity or overshoot in squid axons (Hodgkin & Katz, 1949) 
or the hyperpolarizing phase described in the motoneurones (Coombs ¢ al. 
1955a). In both these preparations a low resting potential led to an increase 
in the size of the hyperpolarizing potential. This characteristic increase in the 
earlier hyperpolarization with decreasing resting potential is illustrated in 
Figs. 3 and 4. If the increased potassium conductance continued after the 
spike, the membrane potential would tend to approach the potassium equili- 
brium potential which has been shown to be about 90 mV for motoneurones 
(Coombs e¢ al. 1955a). A decreased resting potential would lead to a greater 
difference between the potassium equilibrium potential and the resting 
potential, and a corresponding increase in the size of any potential dependent 
on potassium conductance. Neither the depolarizing nor late hyperpolarizing 
after-potentials was studied in detail. These after-potentials correspond 
respectively to the negative and positive after-potentials following the 
ganglionic responses recorded with external electrodes. The depolarizing 
potential appeared only in a few cells as a definite depolarization following 
a large spike potential (Figs. 1A, 3A, and 3B). As soon as the ganglion cell 
became slightly depolarized this depolarizing after-potential was submerged 


by the development of the large earlier hyperpolarization. Similarly, the 


increase in the size of the earlier hyperpolarization obscured the onset and 
time course of the late hyperpolarization which can be observed as a 
slowly decaying potential 100 msec after the spike potential in Figs. 1B 
and 3C, 

Cells which responded with large spike potentials to preganglionic stimuli 
were incapable of discharging spikes at frequencies greater than 100/sec 
(Eccles, 1944). Yet at frequencies greater than 125/sec ganglion cells could 
respond to each preganglionic volley by a large synaptic potential (Fig. 8B). 
Consequently this inability of ganglion cells to discharge impulses to a series 
of preganglionic stimuli is more likely to be due to a high potassium con- 
ductance and exhaustion of sodium carrier after the first two impulses or, 
alternatively, to a type of cathodal depression, than to a diminution of the 
acetylcholine liberated by each impulse. At the fastest rates of stimula- 
tion employed (160/sec) the actual size of the synaptic potentials decreased 
rapidly, although the actual level of depolarization remained nearly constant 
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throughout the series (Fig. 9A). Possibly there is an exhaustion of the acetyl- 
choline content and consequent diminution of output from the preganglionic 
terminals (cf. Brown & Feldberg, 1936). 


SUMMARY | 
1, The electrical responses of ganglion cells in the isolated superior cervical 
ganglion of rabbits have been renorned. by means of intracellular micro- 
electrodes. 


2. Ganglion cells possess resting potentials in the range 65-80 mV which is . 


similar to the resting potentials of mammalian motoneurones. 

3. A preganglionic volley sets up a slowly developing depolarization, the 
synaptic potential, which when it reaches a threshold value of 15-30 mV may 
give rise to a spike potential. 

4. The spike potential is usually in the range 70-96 mV. The time to peak 
is from 1-5 to 3 msec and total duration 4-7 msec at 37° C. 

5. The synaptic potential uncomplicated by any spike discharge can be as 
large as 30 mV. Its duration is between 40 and 80 msec, unless the resting 
potential is low. 

6. Following the spike potential a depolarizing and later a hyperpolarizing 
- after-potential were recorded. However in cells depolarized by injury, the 
size and time course of these after-potentials may be obscured by a phase of 
hyperpolarization that immediately follows the spike potential. 

7. Ganglion cells are capable of responding to repetitive preganglionic 
volleys at frequencies up to 100/sec. 


I wish to thank Prof. A, L. Hodgkin for hospitality while working in Cambridge, Prof. J. C. Eccles 
for his help and encouragement and Mr J. 8. Coombs for the direct-coupled amplifier. 
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THE BEHAVIOUR OF MAMMALIAN STRIATED MUSCLE IN 
| THE PRESENCE OF 2:4-DINITROPHENOL 


By J. M. BARNES, JANET I. DUFF ann C. J. THRELFALL 


From the Medical Research Council, Toxicology Research Unit, 
Serum Research Institute, Carshalton, Surrey 


(Received 27 May 1955) 


The observation (Parker, Barnes & Denz, 1951) that rigor mortis developed 
very rapidly in animals fatally poisoned by dinitro-orthocresol led to a study 
of the action of the related substance dinitrophenol (DNP) on isolated 
mammalian striated muscle. A preliminary report of the mechanical reaction 
of the isolated rat diaphragm to different concentrations of DNP has already 
been made (Barnes & Duff, 1954). If DNP is added to the bath in which such 
a preparation is suspended a severe contracture is induced, lasting about 1 hr, 
after which the muscle slowly returns to its original length. In a suitable 
concentration of DNP such a reaction does not lead to death of the muscle for 
it will respond to stimuli when the DNP has been removed. The ability of 
DNP to induce contractures in muscle had been noted in frog muscle by 
Cori & Cori (1936), and in rat diaphragm by Weeks & Chenoweth (1952). The 
nature of the contracture produced in the rat diaphragm by nitrated phenols 
has been discussed recently by Hajdu & Szent-Gyorgyi (1954). The interest in 
the present observations was directed both to the initial contracture and 
_ subsequent relaxation. An attempt has been made to interpret these changes 
in muscle behaviour under the influence of DNP in the light of the accom- 

panying biochemical changes and some current concepts of muscle physiology. 


METHODS 

Female white rats (120-200 g) and frogs (English Rana temporaria) were used. The phrenic nerve- 
diaphragm preparation was that of Biilbring (1946) with the modifications of Barnes & Duff 
(1953). Stimulation was by means of rectangular impulses (Bernstein, 1950) of 200 psec duration 
applied eight times per minute except where a tetanus of 50/sec was used. Muscle length was 
recorded on a smoked drum with either a gimbal-mounted lever (1-3 g, magnification x 13) or 
a frontal writing lever (5-10 g, magnification x 16). | 

The preparation was suspended in 100 ml. Tyrode solution (to 1 1. of distilled H,O was added: 
8g NaCl; KCl; 02g CaCl,; 0-1 g MgCl,; 1g NaHCO,; 0-05 g NaH,PO,; 2¢ glucose). 
Aeration was by 95% 0,+5% CO,. Asphyxia was produced by bubbling 95% N,+5% CO, 


passed over hot copper into the bath and covering the surface of the Tyrode with a layer of 
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liquid paraffin, 0-25m-sucrose was used as a Na-free medium: and depolarization produced by a 
potassium sulphate solution (17-87 g K,SO, +2 g glucose per 1.). 2:4-Dinitrophenol (BDH) was 
purified by recrystallization from ethanol, and solutions prepared by dissolving 10 g in approxi- 
mately 500 ml. water, adding n-NaOH until the DNP was dissolved. The solution was then 
neutralized to pH 7-7-4 with n-HCl and made up to 11. Iodoacetic acid (Roche) was made up in 
water and neutralized with n-NaOH. 

Myofibrils were prepared from the extensor thigh muscle, psoas and diaphragms of rats, and 
examined in the way described by Hanson & Huxley (1953). In some preparations collagenase 
(Burroughs Wellcome Ltd.) was substituted for trypsin. The myofibrils were treated with 
solutions as described by Hanson & Huxley: Guba-Straub solution (0-3m-KCl, 0-15m-phosphate 
vain pH 6:5) plus 4x10-‘m-adenosine triphosphate (ATP) (Schwartz Laboratories Inc., 

t hically pure) and an ATP solution (4 x 10-*m-ATP in 0-1m-KCi, 10-*m-MgC1,). 

The pH I of the diaphragm was determined initially by the method of Bate-Smith & Bendall 
(1947), but as there was difficulty in covering the electrode with the small amount of tissue 
available the procedure was modified. Instead of being moistened the diaphragm was dropped 
into 4 ml. 0-005m-iodoacetate per g wet wt. tissue and minced finely with scissors and the pH 
estimated with the glass electrode. Comparison of the two methods on samples of the same 
muscle gave identical results. For Na and K estimations the diaphragms were ground with 
a little sand in 3% (w/v) trichloroacetic acid (TCA), centrifuged and filtered and suitable dilutions 
of the extracts made, A flame photometer with an internal standard of Li,SO, was used 
(McCardle, B., personal communication). DNP was estimated by the method of Parker (1949). 

‘Acid extractable’ glycogen was extracted with 10% (w/v) TCA and precipitated by adding 
95% (w/v) ethanol as in the method of Bloom, Lewis, Schumpert & Shen (1951). The glycogen 
was hydrolysed for 3 hr in n-H,SO, (0-4 ml./100 mg tissue) at 100° C and the reducing sugar 
estimated by the Hagedorn & Jensen (1923) method. In a few cases the total ‘30% KOH 
extractable’ glycogen was determined by the method of Walaas & Walaas (1950). 

For the determination of creatine phosphate (CP) the diaphragms were quickly blotted to 
remove excess moisture and plunged into liquid nitrogen. After rapid weighing they were 
extracted with 5 vol. of 0:3n-perchloric acid in a mortar in the cold room (2° C), After filtering 
the extracts were neutralized with n-NaOH to pH 7-0. 

CP was determined on aliquots of the extract by the colorimetric technique of Eggleton, 
Elsden & Gough (1943), as used by Ennor & Rosenberg (1952), and by the orthophosphate 
liberated in the molybdate-catalysed acid hydrolysis as described by Ennor & Stocken (1950), 
using the method of Eggleston & Hems (1952) for the determination of orthophosphate. 

For the determination of the nucleotide content the diaphragms were quickly blotted and 
extracted with 10 vol. of ice cold 0-3n-perchloric acid in a mortar in the cold room (2° C). The 
nucleotides were absorbed from this extract on to a charcoal column and eluted with 5% (v/v) 
aqueous pyridine (redistilled BDH) using a modification (Threlfall, C. J., unpublished) of the 
technique of Crane & Lipmann (1953). 

Chromatograms of the eluate were run in the isobutyric acid~ammonia solvent of Krebs & Hems 
(1953). The nucleotides were located with the ‘Hanovia Chromatolite’ (Hanovia Ltd., 3 Victoria 
St., London, 8.W. 1) and estimated by the method of Eggleston & Hems (1952). 

The data for the muscle constituents are given in the tables as means with standard errors. 
The significance of differences observed have been calculated by Student’s ¢ test (Fisher, 1948). 


RESULTS 
Mechanical changes 
The effects of DNP (1 x 10-m-1 x 10-*m) have been studied and comparisons 


made between the behaviour of those preparations left in contact with DNP 
for 2 hr, and of those from which the DNP was removed after } hr by washing 
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with fresh Tyrode. To reduce the mass of data to be presented the changes 
induced by 1x 10-*m-DNP will be described in detail, and any important 
differences in the reactions to lower or higher concentrations of the drug will 
be indicated. 

The normal diaphragm in oxygenated Tyrode solution usually relaxes 
slightly soon after it has been set up and continues to respond to indirect 
stimuli (8/min) for several hours without apparent change. If tetanized at 
50/sec a contraction develops which is held maximally for 1-2 min, but then 
slowly fails until it is again held at about 20% of the maximum height. 
Recovery rapidly follows after 10-15 min rest, and the preparation will 
tolerate at least half a dozen such periods of prolonged tetanus. If the 
preparation is asphyxiated the response to indirect stimulation usually fails 
completely within 30 min of substituting N, for O,. At the same time a slow 
contracture may develop. This never exceeds 50% of the height of a single 
contraction and is irregular in both its extent and appearance. Once 
_ developed, however, it remains for at least 2 hr if asphyxia is maintained. 
Na-iodoacetate (10-*m) and heat (50° C) both induce a contracture which is 
maintained for several hours. 

When DNP (1 x 10-*m) is added to the bath at 37° C the contracture begins 


after a period of 3-6 min and rapidly increases to the maximum permitted by _ 


the range of the lever within the next 10 min. The response to stimuli fails as 
_ the muscle contracts, With the unloaded levers the contracture is maintained 
for about 60 min, and the muscle then slowly relaxes and returns to its 
original length within a further 60 min (Fig. 1). The response to DNP is not 
modified by the activity of the muscle at the time the DNP is added. The 
speed and degree of development of the contracture are the same in a resting 
preparation as in a diaphragm that is responding to a tetanus. In the latter 
case the contraction to the stimulus may actually be failing when the DNP 
begins to exert its effect, and the movement of the muscle is reversed as the 
DNP contracture develops (Fig. 3). When the strength of the tetanic con- 
traction and DNP contracture were compared by adding weights to the lever, 
the tetanic contraction was always found to be more powerful than the DNP 
contracture, 


When the muscle has relaxed after DNP contracture it is no longer able to 
respond either to single stimuli or to a tetanus as long as the DNP remains in» 


the bath. If, however, the DNP is removed by two to three changes of fresh 
Tyrode 30 min after its addition at a time when the contracture has fully 
developed, the preparation relaxes in much the same time as it does in the 
presence of DNP, but when relaxation is complete the muscle will respond 
feebly to a single stimulus, but more strongly to a tetanus (Fig. 2). Thus in 
the presence of DNP (1 x 10-*m) there is a sequence of changes: contracture 
is followed by a slow relaxation and loss of the ability to respond to stimuli. 
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Fig. 2. The response of the rat diaphragm to 10-*m-DNP added for 30 min and then removed b washing. 
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Removal of the DNP at the height of the contracture has little effect on the 
pattern of relaxation, but when relaxed the washed muscle does respond to 


indirect stimulation. The general pattern of the initial changes in the diaphragm 


exposed to DNP remains the same in concentrations ranging from 5 x 10-* 
up to 1 x 10-*m. The only difference observed with increasing concentrations 
of DNP is a shortening of the latent period before contracture sets in and an 
increase in the rate at which contracture develops, Over a similar range of 
concentrations the effect of DNP on respiration of mitochondria, for example, 


: Fig. 3. The response of the rat diaphragm to 10-*m-DNP added during a period of 
continuous tetanization (50/sec). Tyrode 37° C. 


is initially one of stimulation, but finally one of complete inhibition (Judah, 


-. 1951). The diaphragm relaxation in 10-*m-DNP may be slower and not always 


as complete as in lower concentrations. After 30 min exposure to 10-*u-DNP 
there is no restoration of contractibility when the drug is washed out. 

The effectiveness of washing in removing DNP was checked by determining 
the DNP content of the diaphragm after this had been done. After exposure 
to 10-°m-DNP for 30 min, followed by washing and another 30 min in Tyrode 
the DNP content in three experiments was 7-2, 8-7 and 5-0 ug/g wet wt. This 
is equivalent to an average overall concentration of about 5x 10-°m-DNP. 
Such a concentration could account for the failure of some of the biochemical 
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changes to reverse after removing the DNP. After exposure to 10-*m-DNP 
under the same conditions the DNP level in washed muscle fell to 6-2, 4-3 and 
1-1 pg/g wet wt. or about 2-5 x 10-*m-DNP. It is not possible to say whether 
the DNP left in the muscle after washing was bound to protein and ineffective 
as a metabolic inhibitor or whether the difference between the residual concen- 
tration after 10-*m and 10-*m-DNP is sufficient to account for the differences 
in response of the two washed preparations. 

Having observed the changes in the diaphragm exposed to DNP, the next 
step was to examine the biochemical changes that accompanied both the 
initial contracture and its subsequent relaxation. A comparison was also 
made between the muscle relaxed in DNP and that relaxed after the removal 
of DNP and showing some functional activity. In all the biochemical determi- 
nations the control values were determined on diaphragms (usually the other 
half) treated in the same way, except that no DNP had been added to the 
bath. None of the values recorded is for diaphragm as removed directly from 
the rat, but in every instance the muscle-nerve preparation was set up on the 
holder in the usual way and immersed in the bath until it had relaxed. 

Biochemical changes 

Energy-rich phosphate compounds. Although the exact role of CP and ATP 
in muscular contraction is not fully understood, the presence of these com- 
pounds in such igh concentration in voluntary muscle suggests that they 
play an important role in the function of normal muscle. Furthermore, DNP 
is known to interfere with the concentration of such compounds, both in the 
whole animal and in isolated preparations. In Table 1 the changes induced in 
the rat diaphragm are given. The contracture is associated with a significant 
drop in the concentrations of the ~P compounds, but the subsequent relaxa- 
tion in the presence of DNP is not accompanied by any significant restoration 
_in the concentrations of these compounds. The greater the concentration of 
DNP, the greater is the fall in ATP and loss of total adenine nucleotide from 
the muscle. After exposure for 30 min to 10-* and 10-m-DNP, followed by 
washing, there is a significant increase in the concentration of ATP. This rise 
after washing is not seen in muscles exposed to 10-*m-DNP. Some return of 
excitability is seen in those preparations where the ATP rises. Neither the 
ability to contract nor the ATP concentrations are restored to normal. In the 
case of ATP this can probably be accounted for by the loss of total adenine 
nucleotide that takes place during the period that DNP is present. That the 
ATP concentration is subsequently considerably restored is suggested by the 
fact that it accounts for 45% of the total adenine nucleotide, compared with 
63 % in the control. 

Some rise in CP is associated with a return of ATP, but this too fails to 
reach normal figures. The figures for CP given in Table 1 are arrived at by 
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estimating the difference between total and free creatine. If, however, CP is 
estimated by determining the phosphate freed by molybdate-catalysed acid 
hydrolysis a higher figure is obtained in muscles treated with DNP (Table 2). 
Similar differences are found in diaphragms treated with DNP 10-*m. The 
nature of this labile phosphate has not yet been determined. 


Taste 1. The creatine phosphate and adenine nucleotides (umole/g wet weight) in rat diaphragm 
treated with 10-‘m-DNP. Number of determinations in brackets 


Time in bath (min) 30 120 
Control DNP DNP DNP removed 
| after 4 hr 
State of muscle Fully contracted — Relaxed . and 
excitable 
(1) (2) (3) (4) (5) 

CP 7-4+1-73 (11) 0-8240-85 (3) 6-18+1-85 (5) 0-72+0-68 (3) 1-02+0-73 (8) 

ATP 1-:90+0-19 (5) 0-2640-03 (6) 1-42+0:22(7) 0-10+0-02 (3) 0-38+0-05 (6) 

ADP 0-714+0-15 (5) 0-28+40-02 (6) 0-58+0-05 (7) 0-1640-03 (3) 0-28+0-04 (6) 

AMP 0-58+0-11 (5) 0-3540-04 (6) 0:2940-06 (7) 0-07 (2) 0-19+0-05 (6) 

Total adenine 3-19 0-89 (6) 2-29 (7) 0:33 (3) 0:85 (6) 

nucleotide 
IMP 0-52+0-07 (4) 1-4240-19 (6) 0-1940-05 (6) 0-32+0-08 (3) 0-23+0-07 (6) 


The significance of the differences between columns 4 and 5 are in the case of: CP, not significant; 
ATP, P= <0-01; ADP, P=0-1; IMP, not significant. 


TastE 2, A comparison between the estimate of creatine phosphate content of rat diaphragm 
treated with 10-* and 10-*m-DNP when the method used is (a) the difference between free 
and bound creatine; (6) the molybdate-catalysed acid hydrolysable phosphate. CP as 
pmole/g wet weight. Number of determinations in brackets 


Method 

thr Control 7-441-73 (11) 7-944 1-92 (11) 0-544.1-38 
hr 10-*m-DNP 0-82 40-85 (3) 3-05 1-19 (3) 2-23 4 1-97 
hr 0:36 + 0-48 (15) 3-384 1-27 (24) 2:78 + 1-25 
2 hr 10-*u-DNP 0-47 +0-42 (3) 1-69 + 1-22 (3) 1-23+0°54 


Glycogen, lactate and muscle pH. Data for the glycogen, lactate and muscle 
pH in diaphragms treated with 10-* and 10-‘m-DNP are given in Table 3. 
The normal muscle synthesizes glycogen under these experimental conditions 
and maintains a steady lactate concentration and pH. DNP (10-* or 10-*m) 
brings about a fall in the glycogen with a rise in lactate and a reduced pH. 
It is not known whether the respiration of the diaphragm is stimulated or 
depressed by these concentrations of DNP. The effect of 10-*m-DNP for 3 hr 
is reversible in so far as glycogen is again synthesized after DNP has been 
Temoved but synthesis does not take place as long as the DNP remains. 
A higher concentration of DNP (10-*m) irreversibly damages the mechanisms 
for synthesizing glycogen. The muscle pH, however, does not remain low, even 
- in the continued presence of DNP, and in this respect it may be said to 

behave like the muscle itself which slowly returns to normal (relaxes) even in 
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the presence of DNP. The lactate produced diffuses into the bath where it 
may be detected, but the pH of the Tyrode solution was not thereby 
significantly altered. 


Na and K. In the normal preparation there is a gradual loss of K and gain 


of Na, and this change is accelerated by adding DNP 10-*m (Table 4). These 
changes are partially reversed if the DNP is removed. Changes in Na and K 
with lower concentrations of DNP are less marked, while those produced by 
10-°m-DNP for 30 min are greater and also irreversible. As in the case of the 
other constituents there is no correlation between the concentration of K or 
Na in the muscle at any particular time, and its state of contracture or 
relaxation. Relaxation takes place whether or not previous changes in Na and 
K concentrations induced by the DNP are being reversed by removal of the 
DNP. 
Action of DNP on the depolarized diaphragm 


Depolarization of the end-plate and muscle membrane can be brought about — 


in two stages. A Na-free medium (0-25m-sucrose) is first substituted for the 
Tyrode solution. The response to indirect stimulation rapidly fails but no 
contracture is seen. Isotonic K,SO, is then substituted for the sucrose 
solution. A maximal contracture rapidly develops and is held for about 
a minute, and is followed by a rapid and complete relaxation. When 10-*m- 
DNP is now added to the K,8O, a contracture develops which is identical 
with that seen in a normal preparation and it is sustained in the usual way 
Fig. 4). 
pe | Effects of asphyxia and lower temperature 

When the response to indirect stimulation had failed after 20-30 min 
_ asphyxia and a slight contracture was often evident, DNP produced a more 
rapid contracture than usual, but the preparation was not significantly more 
sensitive to lower doses of DNP. Relaxation took place a little more rapidly 
than in the oxygenated preparation. At 27°C the response of the normal 
muscle to single indirect stimuli was about twice as large as it was at 37° C. 
When DNP was added the latent period before contracture was increased and 
the rate at which contracture developed reduced. Relaxation is delayed and 
is not complete even after 3-4 hr. In the asphyxiated preparation at 27° C 


contracture and relaxation are speeded up and the response resembles that of 
the oxygenated preparation at 37° C. » 


Microscopic observations 
Myofibrils were prepared from rat thigh muscle, rat psoas and rat diaphragm 
and examined under phase-contrast. The response of the fibrils to treatment 
by Guba-Straub solution with ATP and 10-*m-ATP in KCl was observed. The 
first causes swelling of the fibril and loss of its normal striation; the second 
makes the fibril contract. Treatment of the myofibrils in solution of DNP up 
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to 10-m brought about no visible change in the myofibrils, and their response 
to the above solutions was the same as that of normal fibrils. Myofibril 
preparations were made from normal rat diaphragm and from diaphragm 
fully contracted after exposure to 10-*m-DNP for 30 min. Again no dif- 
ferences could be detected either in the appearance or the reaction of the two 
sets of myofibrils. 


Fig. 4. The action of 10-*m-DNP on the depolarized rat diaphragm. Tyrode followed by 0-25 ™- 
sucrose followed by isotonic K,SO,, 7' 37° C. Continuous stimulation 8/min. 


Frog muscle 

A concentration of 10-*m-DNP applied to the frog rectus at 18-22° C 
produces only a small contracture, less than half that produced by 10 pg 
acetylcholine. The contracture slowly relaxes over a period of 3-4 hr. 
Relaxation is more rapid if DNP is washed out. On the gastrocnemius 
10-*m-DNP rapidly inhibits the response to indirect stimulation, but pro- 
duces only a slight contracture. The effects are rapidly reversed when DN? 
is removed. In this respect frog muscle resembles mammalian smooth muscle 
(Born & Biilbring, 1955) in its response to DNP. 
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DISCUSSION 
The interest in these experiments lay in the possibility they provided of 
understanding in biochemical terms more about the genesis of muscle con- 
tracture and the subsequent relaxation. It seems correct to refer to the muscle 
shortening as a contracture which has been aptly described as ‘a term without 
definition convenient in its vagueness for the designation of various states of 
muscle shortening, themselves not well understood but in which there is a real 
or fancied difference from tetanic contraction’ (Gasser, 1930). One obvious 
difference is that a tetanic contraction of the normal muscle cannot be main- 
tained for so long as the DNP-induced contracture. On the other hand, 
recovery from a tetanus is more complete. 

Gasser (1930) quotes an observation that ammonia will produce a eapidly 


teversible contracture of frog muscle. Cori & Cori (1936) and Weeks & 
Chenoweth (1952) noted the contracture produced by DNP in frog muscle ~ 


and rat diaphragm respectively. Mammals, including man, when fatally 
poisoned by DNP or related compounds, develop rigor mortis with extreme 
rapidity (Stoner, Threlfall & Green, 1952; Parker, 1954). It was possible that 
the shortening produced when DNP acts on striated muscle im vitro might 


have some features in common with rigor mortis. The biochemical changes 


accompanying rigor mortis have been studied by Bate-Smith & Bendall in 
a series of papers dealing mainly with rabbit muscle. It was shown originally 
that the onset of rigor and muscle shortening follow a fall in the concentration 
of muscle CP and ATP (Bate-Smith & Bendall, 1949). A more detailed study 
showed that it was a fall in the rate of turnover of ATP rather than a fall to 
any absolute concentration that determined the onset of rigor (Bendall, 1951). 
The turnover of ATP is apparently determined by the glycolysis which in turn 
depends upon available substrate, e.g. muscle glycogen, The rat diaphragm 
contracted under the influence of DNP shows a fall in the concentration of 
CP to less than 10% of normal, the ATP is reduced to a third of normal and 
the glycogen to less than half. At the same time some other labile phosphate(s) 


(Table 2) has appeared whose identity and function cannot yet be discussed. 


That a fall in the concentration of CP and ATP should take place in muscle 
poisoned with DNP is consistent with what is known about the action of DNP 
on metabolic systems. Ronzoni & Ehrenfest (1936) first showed that DNP 


caused a fall in muscle CP and ATP that was accompanied by an increased 


0, uptake, and subsequent work (Loomis & Lipmann, 1948) led to the concept 
of the uncoupling of phosphorylation from oxidation allowing the latter to 


proceed at an increased rate. Weeks & Chenoweth (1952) have found the 0, 


consumption of rat diaphragm poisoned by DNP to be increased. There is no 
generally accepted explanation for the exact way in which DNP brings about 


this apparent dissociation of two important metabolic processes. It remains 
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possible that rigor mortis in norma! muscle, the rigor mortis that appears 
rapidly in animals killed by DNP and the shortening of isolated muscle 
poisoned by DNP have a common mechanism which is associated, amongst 
other things, with a fall in concentration of CP, ATP and glycogen. The 
interesting feature of DNP poisoned muscle is that relaxation follows the 
contracture and this does not happen when iodoacetate or gentle heat are 
used to produce contracture. Biochemical studies on rigor mortis are usually 
carried out at room temperature, but if observations are made at 37° C 
shortening is followed by relaxation (Bate-Smith & Bendall, 1949). In the 
muscle poisoned by DNP, in which the DNP is left in contact with the 
preparation, relaxation is not accompanied by any reversal of those bio- 
chemical changes that have been measured, with the exception of muscle pH 
which has almost returned to normal. A factor said to be important in 
bringing about relaxation of muscle was described by Marsh (1951). This 
‘Marsh factor’ has been further studied by Bendall (1954), who concluded 
that it might be myokinase, the enzyme which catalyses the reaction 
2ADP + ATP+AMP. It is not known whether this enzyme is sensitive to 
DNP but creatine phosphokinase, which is also believed to be involved in 
relaxation (Lorand, 1953), is inhibited by high concentrations (10-*m) of the 
related compound dinitro-orthocresol (Ennor & Rosenberg, 1954). But if 
inhibition of myokinase by DNP is in any way responsible for the contracture 
of the muscle by preventing relaxation it is difficult to see why this eventually 
occurs even when DNP remains in contact with the muscle. That the relaxa- 
tion is linked to some metabolic process and is not just.a passive stretching is 
suggested by the fact that at 27° C relaxation is slow and incomplete, while 
under asphyxia it is more rapid and complete. If there is any substance to 
the theory that energy is required to keep a normal muscle in the relaxed 
state, then the contracture that follows contact with DNP might result from 
the sudden failure of this supply of energy as a result of the disruption in the 
metabolic process produced by the DNP. According to Szent-Gyérgyi (1951) 
relaxation of muscle is the result of a recombination of ATP with actin, the 
separation of which originally leads to contraction. DNP, by reducing the 
concentration of ATP, might on this theory lead to contracture and in the 
continued presence of reduced ATP concentration relaxation would be corre- 
spondingly slow. If, however, without being precise as to the mechanism 
involved, it was assumed that relaxation was a process requiring a supply of 
energy, this might ultimately be supplied, somewhat inefficiently, by anaerobic 
glycolysis. If anaerobic glycolysis is in any way responsible for bringing about 
relaxation, the effects of a lower temperature in slowing relaxation and of 
anaerobiosis in hastening it would thereby receive an explanation. 

The mechanism for a normal contraction is apparently fired by an electrical 
impulse travelling across the myoneural junction and down the muscle fibre. 
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The link between these electrical changes and the mechanical responses within 
the muscle fibril has not been established (Katz, 1950). The electric currents 
produce ionic changes, but non-propagated contractions may be induced by 
_ altering the membrane potential without the passage of electric currents. The 
_ depolarization produced by veratrine or excessive K are examples of this 
(Katz, 1950). DNP certainly brings about changes in the Na and K content 
of the diaphragm, presumably as a result of the metabolic disturbances which 
it produces. As these ions pass the muscle membrane it is possible that a 


change in potential or depolarization might thus be produced. Indeed 


Hajdu & Szent-Gyérgyi (1954) have asserted without evidence that the 
contraction of the rat diaphragm by nitrated phenols is due to depolarization. 
However, the contraction due to depolarization has been shown here to be 
strong but short-lived. Furthermore, the depolarized preparation which has 
relaxed can still respond by a contracture of a typical prolonged type when 
DNP is added. The contracture due to DNP is not therefore the result of 
- changes in polarization at the muscle membrane. 
- The isolated myofibrils have been the object of much comparatively recent 
work, and some current hypotheses about the mode of muscle contraction are 
based on observation of the behaviour of these structures. DNP has no action 
on myofibrils, nor do the myofibrils from DNP contracted muscle appear to 
be any different in their appearance or reactions from those of normal muscle. 
Thus DNP appears to act neither upon the initiating mechanism of muscle 
contraction—muscle membrane potential—nor on the supposed final effector, 
the myofibril. It must therefore exert its effect on the co-ordinating mechanism 
that is responsible for making muscle behave as a whole. Such a metabolic 
system presumably supplies the link between the electrical changes in the 
muscle membrane and the final contractile element in the myofibril. These 
observations with DNP emphasize the need for caution in interpreting changes 
in muscle behaviour on the basis of observations on myofibrils alone. 
Currently there is much debate about the role of ATP in muscle contraction 
(Fleckenstein, Janke, Davies & Krebs, 1954; Mommaerts, 1954). It should be 
noted that frog muscle responds differently from mammalian striated muscle 
when poisoned by DNP. In the rat a difference was seen in the response of 
the relaxed muscle after treatment with DNP (10-*m). Where DNP is con- 
tinually present the muscle after 2 hr is relaxed but inexcitable; where the 
DNP has been removed after 30 min the muscle contracts feebly to single 
stimuli but more effectively when tetanized. Though less excitable than 
normal, a full contracture is seen in some preparations. The concentrations 
of CP and ATP are higher in the excitable preparation than in the inexcitable 
one (Table 1) but are not normal. The unidentified labile phosphate (Table 2) 
is lower in the excitable muscle and is therefore probably unrelated to its 
activity. The glycogen concentration is within normal limits in the excitable 
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preparation but low in the inexcitable muscle. Muscular activity was associ- 
ated with the ability to synthesize glycogen, and for this purpose at least the 
residue of ATP was presumably adequate. Thus the muscle washed after 


treatment for 30 min with 10-*m-DNP has reduced CP, ATP and K, raised | 


Na and normal glycogen and is capable of a sustained contraction but less 
excitable to a single stimulus. After 10-*m-DNP for 30 min the muscle never 
recovered any excitability nor did the ability to synthesize glycogen reappear. 
In muscle so treated the ATP was reduced to 0-09 + 0-01 wmole/g wet wt., an 
amount presumably inadequate for any activity. 

In concluding his review on muscle contracture Gasser (1930) wrote: ‘ While 
the contractures are abnormal responses of muscles, an understanding of their 
properties has two merits. It augments the understanding of the closely 
allied normal twitch and prevents confusion of qualities properly belonging 
to contracture with those possessed by a twitch. It also reveals that a muscle 
set into activity by pharmocodynamic agents may follow laws different from 
those believed to govern a muscle stimulated through its nerve.’ It is perhaps 
to be regretted that observations on the effect of DNP on rat diaphragm may 
support the last sentence without fulfilling any of the hopes expressed in the 
first two sentences, 

SUMMARY 

1. The action of dinitrophenol (DNP) on the isolated rat diaphragm has 
been examined. 

2. DNP produces a contracture followed by relaxation. The rate of 
development of the contracture increases with the concentration of DNP. 
Relaxation takes place whether or not DNP is removed. 

3. Creatine phosphate, the adenine nucleotides, Na, K, glycogen, lactate 
and muscle pH have been determined in muscle treated with DNP. The effects 
of asphyxia and reduced temperature have been noted. The action of DNP on 
myofibrils has been examined. 

4.. Nochange can be said to mirror the successive contracture and relaxation 
produced by DNP. Profound falls in energy-rich P compounds occur. Partial 
recovery can take place on removing the DNP provided the initial concen- 
tration was not too great. 


5. The contracture is not due to wes eee terienice Isolated myofibrils do not 
respond to DNP. 

6. The findings are discussed, and it is concluded that DNP disturbs the 
metabolic systems responsible for the integrated behaviour of the muscle. 
Loss and recovery of function are related to the changes in ATP concentration 
and the ability to synthesize glycogen. 


Our thanks are due to Miss P. Harrison for invaluable technical assistance throughout the work. 
We are grateful to Prof. B. Katz for advice on the depolarization experiments, Dr B. McCardle 
for help in making the flame photometer and Dr R. O. Thomaon for # gift of collagensse. 
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INHIBITION BY HEXOESTROL OF ADRENOCORTICAL 
SECRETION IN THE RAT 


By MARTHE VOGT 
From the Pharmacological Laboratory, University of Edinburgh 
(Received 23 May 1955) 


| It has been known for a long time (Korenchevsky & Dennison, 1935; Selye, 


Collip & Thomsen, 1935) that oestrogens cause hypertrophy and hyperplasia 
of the rat adrenal cortex. Selye & Collip (1936) have shown that this effect 
is absent in the hypophysectomized rat, even when the adrenal cortex is 
maintained by adrenocorticotrophic hormone (ACTH). The inference is that 
oestrogens cause an increase in secretion of ACTH and thus produce adrenal 


hypertrophy indirectly. During hexoestrol administration the pituitary 
 hypertrophies and goes on growing for at least 6 weeks (Somers, 1948). 
- Gemzell (1952) was able to demonstrate an increase in the amount of circula- 
ting ACTH in rats injected with oestradiol. The release of ACTH by oestrogens 
_ is considered to be an example of an unspecific response to stress (Tepperman, 


Engel & Long, 1943). ) 
Loeser (1939) observed the disappearance of lipids from the adrenals of rats 


‘injected with stilboestrol. A detailed examination of the effect of hexoestrol 


(Vogt, 1945) showed that sudanophilic lipids disappeared almost completely 
from the zonae fasciculata and reticularis in the course of 5 days, and from all 
three layers if the treatment lasted 10 days or more. These effects, too, were 
absent in hypophysectomized rats not given ACTH: experiments with ACTH- 


_ ‘Maintained rats were not performed. 


The functional state of lipid-depleted adrenals has been a matter of con- 


_ jecture. Many histologists consider them to be hyperactive glands (Dosne 


& Dalton, 1941; Sarason, 1943), whereas others (Zwemer, 1936; Deane & 
McKibbin, 1946; Flexner & Grollman, 1939) suggest that they are in a state of 
exhaustion following initial hyperactivity. Both these interpretations are 
prompted by the observation that the early response to any stress or to an 
injection of ACTH is a diminution of adrenal lipids, more especially of chol- 
esterol esters, However, this diminution is followed by recovery to normal or 


_ even by deposition of abnormally high amounts of lipids whenever treatment 
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with ACTH is prolonged. In fact, the contrast between adrenals of rats re- 
ceiving repeated doses of ACTH and of rats injected with oestrogens suggested 
to Selye & Stone (1950) that adrenal changes after oestrogens were due to a 
combination of factors of which the release of ACTH was only one. Selye & 
Stone consider the response to oestrogens not to differ in this respect from that 
to any prolonged stress. In the author’s experience, however, prolonged severe 
stress rarely causes a lipid depletion comparable to that following the admini- 
stration of oestrogens. 

Another hypothesis put forward to explain the adrenal changes caused by 
oestrogens was that the hypertrophy of the adrenal cortex was analogous to the 
goitre caused by anti-thyroid substances and a result of the failure of cortical 
hormone production (Vogt, 1945). This theory was compatible with the poor 
state of health of the animals and their short survival time after adrenalectomy, 
but direet support for it was not obtainable at the time. Attempts were made 
to measure cortical activity in oestrogen-treated animals which were large 
enough to permit bioassay of cortical hormone in adrenal vein blood (Somers, 
1948). Cats were used, but the experiments were a failure, because doses of 
hexoestrol tolerated by the rat caused fatal liver damage to the cats without 
producing appreciable loss of lipids from the adrenals. 

The development of micro-methods for the estimation of adrenal sorticoids, 
particularly their paper-chromatographic separation (Bush, 1952), permits an 
estimation of the secretory performance of a single rat adrenal. It is therefore 
possible to determine the functional state of the lipid-depleted adrenals of a 
hexoestrol-treated rat, and the results of such determinations form the subject 
of the present paper. 


METHODS 


Experimental procedure 

Rats. Adult male Wistar rats were used. Urethane (1-5 g/kg) was injected subcutaneously as a 
25% solution in 0-9% NaCl. When anaesthesia was complete, the trachea and right femoral vein 
were cannulated. All intravenous injections were made into the femoral vein, The left renal pedicle 
was tied through a midline incision in the abdominal wall. The left renal vein was dissected, any 
tributaries not coming from the adrenal gland tied, and ligatures placed around it laterally and 
medially to the entry of the adrenal vein. A polythene cannula passed through the flank of the 
animal was introduced into the lateral part of the left renal vein, heparin (1000 i.u./kg) injected 
intravenously, the medial ligature on the renal vein tied and the adrenal blood drained from the 
cannula into a cooled siliconed centrifuge tube. Collection of blood was over periods of 15-30 min. 
Several intravenous injections of 1 ml. 0-9 % NaCl solution were made if blood collection was carried 
out for longer than 15 min. 

Rabbits. Chloralose (150 mg/kg) was injected into the ear vein as a 1% solution. Ether was 
given if required during the dissection. The trachea and jugular vein were cannulated and the 
rabbit was eviscerated. The renal pedicles and any vessels coursing in the perirenal tissue were 
ligated; the lumbar veins crossing the adrenal glands were tied at the lateral edge of the glands. 


_ A ligature was placed around the vena cava above the right adrenal. The aorta and vena cava were 


then tied below the left kidney, the vena cava was cannulated just above the ligature and heparin 
(500 i,u./kg) was injected intravenously. The upper ligature around the vena cava was then tied 
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and the blood from both adrenals drained through the cannula into cooled siliconed tubes. 
Samples were collected for 15 min. Whenever the flow from the cannula slowed down, a few ml. _ 
of 0-9% NaCl solution were infused into the jugular vein. 


Extraction 

The blood was centrifuged, the plasma (volumes ranging from 0-5 to 15 ml.) weighed, diluted 
with an equal volume of H,O and extracted by a procedure similar to, but somewhat shorter than, 
that used by Bush (19535). It consisted of four extractions of the diluted plasma with 1 vol. of an 
ethylacetate-ether mixture (2:1), separate evaporation, in the same flask, of each portion of the 
supernatant organic solvent, transfer of the residue into a separating funnel by washing the flask 
with 2-5 vol. petroleum ether (b.p. 40-60° C), followed three times by 0-5 vol. of 80% ethanol. 
The smallest volumes of petroleum ether and 80% ethanol used were 10 and 2 ml. respectively, 
even when the amount of diluted plasma was less than 4 ml. Each portion of alcohol was shaken 
vigorously with the petroleum ether, drained off and evaporated in vacuo. The residue from the 
aleoholic extracts was dissolved in a small volume of ethylene dichloride, and this solution applied 
to filter-paper (Whatman No. 2) for chromatography. The solution was applied on ‘lanes’ 6 x 1-5cm 
and the steroids compressed to narrow bands by standing the paper in a trough filled with a 


mixture of ethylacetate and methanol (2:1) (Bush, personal communication). 


Chromatography 

The method of Bush (1952) was used. The solvent mixture consisted of benzene (1000 ml.), 
methanol (550 ml.) and water (450 ml.) (Bush & Sandberg, 1953), and the temperature at which 
the papers were equilibrated and run was 34° C. ieee 

For the estimation and identification of the steroids the soda-fluorescence and a colorimetric 
method using blue tetrazolium (B.D.H.) were employed. The soda fluorescence test was carried 
out by spraying the paper with a 14% solution of NaOH in H,O which contained 5 mg triphenyl- 
tetrazolium chloride (B.D.H.) for each 100 ml. (Bush, 1953a). The paper was dried in front of a 
battery of infra red lamps and examined in ultraviolet light. The primrose fluorescence shown by 
Bush (1952) to be given by cortical steroids with an «f-unsaturated ketone group permits a rough 
quantitative estimate of the steroids and is a reliable indicator of the number of substances present. 
For the quantitative estimation of the individual corticoids, the extract was applied to a paper 
carrying markers of pure steroids (usually corticosterone and cortisol) on each side. After the 
development of the chromatogram, the markers were made visible by spraying the sides of the 
paper with blue tetrazolium (12 mg dissolved in 5 ml. ethanol and added to 25 ml. 5% NaOH in 
H,0), or by scanning in front of an ultraviolet lamp emitting at 240mp. 


Elution and colorimetry 

Under the guidance of the control spots, rectangles of the paper containing individual plasma 
corticoids were cut out for elution, and rectangles of the same size taken from corticoid-free parts 
of the paper were cut out for blanks. The rectangles were cut up into small pieces and extracted 
with ethanol three times for 5 min on a mechanical shaker. For a surface area of 36 cm* the 
volumes of ethanol used were 2-7, 1-8, and 1-8 ml. Each portion of ethanol was filtered into a tube 
through a small plug of washed cotton-wool pushed into the stem of a microfunnel. The alcohol 
was evaporated to near-dryness in vacuo before the next alcoholic filtrate was added. The last 
residue was dried completely and dissolved in 0-45 ml. 95% ethanol. This solution was used for a 
colorimetric estimation of the corticoids with blue tetrazolium. A method using this compound 
has been devised by Mader & Buck (1952) and adapted for micro purposes by Morris & Williams 
(1955). The amounts of reagents used here were somewhat different from those employed by 
Morris & Williams, the base used was tetraethy] onium hydroxide, and the readings were 
carried out with a Spekker absorptiometer and Ilford filter No. 607. To-each glass-stoppered tube 
containing the ethanolic solution of corticoids or of the paper blank, 0-04 ml. of a 5% solution of 
tetraethyl ium hydroxide in 80% ethanol was added, followed by 0-05 ml. of a freshly 
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prepared 0:5% ethanolic solution of blue tetrazolium. After incubation for 1 hr. at 23°C the 
reaction was interrupted by the addition of 0-04 ml. 10% CH,COOH in 50% ethanol. The solutions 
were transferred by fine pipettes into microcells of 0-5 ml. capacity. With pure steroids the readings 
followed Beer’s Law only when the extinction did not exceed 0-3; when the extinction was greater, 
1:1 or 1:2 dilutions of steroid solutions and blanks with 95% ethanol had to be used in order to 
obtain a straight-line relationship of extinction and steroid concentration. With this procedure, 
there remained small deviations of the readings from the straight line which occasionally were as 
high as 5% (see Fig. 1). It is hoped that with the use of a spectrophotometer these inaccuracies 
will disappear. 


2 4 6 8 10 12 14 16 18 20 22 24 2 

Fig. 1. Example of colour reaction of a corticoid with blue tetrazolium. 
Abscissa: yg cortisol per sample. Ordinate: extinction. 


Another source of error was the paper blank. In order to discover abnormally high blanks 
which might occur occasionally, all paper blanks were read against a pure reagent blank (con- 
taining the incubated steroid-free reagents). The normal extinction of paper blanks did not 
exceed 0:1; washing of the paper before use with organic solvents increased the size of the blanks 
instead of decreasing it. 

Recoveries 7 

10ug quantities of corticosterone or of cortisol were added to arterial plasma and subjected to 
the whole procedure outlined above. Recoveries averaged 70% with only minor variations and 
were the same for the two steroids. The losses of the elution process accounted for 10-15% of the 
total amount present. Since rat adrenal blood was never found to contain cortisol, 10g were 
added to all samples of plasma before extraction and the recoveries determined for each experiment. 


Histology 
The adrenal glands were fixed in a mixture of formalin and K,Cr,O,, and frozen sections pre- 
pared which were stained with Sudan IV and haematoxylin. 
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Drug administration 
cad (B.D.H.) was dissolved in arachis oil and injected subcutaneously into rats as 0-2 % 


_ golution and into rabbits as 2% or 5% solution. Progesterone was injected as a 2% solution in 
oil, 


Ascorbic acid estimations 
The method of Roe & Kuether (1943) was used. 


RESULTS 
Normal rats 


| The main compound in extracts of adrenal vein plasma found to give the soda 


fluorescence and to reduce blue tetrazolium had the same R,, value as cortico- 


~ gterone. Sometimes it was accompanied by traces of a slightly more polar 


substance. These findings confirm Bush’s observations (19536) that the rat 
adrenal does not secrete cortisol. The collection time from each rat rarely 
exceeded 20 min., so that the amount of plasma would not have been sufficient 


to detect any aldosterone (Singer & Stack-Dunne, 1955). 


TaB.E 1. Corticosterone secreted by the left adrenal of normal and hexoestrol-treated rats 
Normal Hexoestrol-treated 


pg/moin/ pg/gland/br/kg Days of Daily min/ gland 
No. b.wt. No. treatment (mg/kg) ful 
20-8 65-6 l 3 0-37 5-5 26:1 
2 17-1 65-3 2 3 0-37 6-5 29-2 
3 20-1 64-5 3 3 0-37 8-4 47-5 
4 16-4 55-0 4 4 0-50 5-7 25-1 
5 32-3 132-0 5 6 0-43 5:1 20-6 
6 31-5 114-0 6 8 0-46 7-6 29-0 
7 17-8 59-0 7 8 0-50 9-1 33-5 
8 15 0-50 7-4 47-2 


Means and 8.£.} of the mean | 
79-3 + 10-8 69405 32-2433 


* Calculated = body weight at end of experiment. 
+ Calculated from the range (Lord, 1947). 

The quantities of corticosterone produced by seven normal adult male rats 
are listed in Table 1. They have since been confirmed (Holzbauer & Vogt, to be 
published) in many more animals and with different anaesthetics. The figures 
are not corrected for the loss of about 30% during the processes of extraction 
and elution. If this fact is taken into account, the figures fall within the range 


_ found by Singer & Stack-Dunne (1955). 


Rats injected with hexoestrol 
All eight rats injected with hexoestrol (0-37-0-5 mg/kg daily for periods 
tanging from 3 to 15 days) showed a greatly reduced production of cortico- 
sterone (Table 1). On the average, secretion expressed per g of gland per min 
was 31% and, calculated per hr per one adrenal per kg body weight, 41% of 
the normal. The second figure is higher than the first owing to some loss in body 
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weight and some increase in adrenal size. Treatment for only 2 days was sufii- 
cient to cause a fall of the corticosterone secreted per g per min to 44% of the 
normal (Fig. 2). Still shorter intervals after beginning of treatment were then 
allowed in order to find out whether, at any time of the experiment, secretion 
(under conditions of operative stress) was enhanced before becoming depressed. 
Fig. 2 shows that this is not the case, all values between 3} and 24 hr after 
the injection lying within or below the normal range. 


20 | 


0 


1 


Fig. 2. Ordinate: corticosterone secreted, in wg/min/g gland, by the left adrenal of adult male 


rats. Column 1: mean and 8.8. of the mean for seven normal rats. Column 2: mean and s.r. 
of the mean for eight rats given hexoestrol (0-4-0-5 mg/kg/day) for not less than 3 days. 
Column 3: mean and s.8. of the mean for five rats given hexoestrol (0-3-0-4 mg/kg/day) for 
2 days. Columns 4-7: values for single rats given one injection of hexoestrol (0-3-0-4 mg/kg) 
24, 44, 34 and 3} br before collecting the adrenal blood. 


An experiment was also done to see whether the inhibition of corticosterone 
secretion was reversible: two rats treated with 0-5 mg/kg daily for 16 days and 
then allowed 7 days for recovery had the perfectly normal secretion rates of 98 
and 119yg/gland/hr/kg body weight. 

An important question was whether, instead of corticosterone, another 
steroid was produced under the influence of hexoestrol and was replacing the 
normal compound. The soda-fluorescence test gives a reliable survey of very 
small amounts of many «f-unsaturated ketosteroids. This test was carried 
out on part of the plasma extract of rats injected with hexoestrol, but no 
compound was found which was not also present in adrenal blood from normal 
rats. 

A typical example is shown in Fig. 3. This is a chromatogram of extracts 
from a normal and from a hexoestrol-treated rat which are run together, both 
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-gepresenting plasma samples collected for 27 min. It will be seen that, in 
_ addition to corticosterone, there is, in both extracts, a smaller quantity of a 
less polar compound, and that in the normal rat both spots are more intense 
than in the hexoestrol-treated rat; the ratio of the intensities appears to be 
_ similar. This second compound was also seen by Bush (19536) and is considered 


Fig. 3. Corticosterone secretion of a normal and of a hexoestrol-treated rat. Chromatogram of 
extracts of 27 min samples of adrenal vein plasma of 2 rats, together with markers. Origin at 
the bottom, front at the top of figure. Soda-fluorescence test (for details see under ‘ Methods’). 
On the left, the lower spot is a marker of 10 yg cortisol, the upper spot of 10 ug corticosterone. 
On the right, markers of 5 ug of the same compounds. In the region of corticosterone, the left 
twin spot corresponds to the extract from a normal rat, the right twin spot to the extract from 
a rat given twelve daily injections of 0-45 mg hexoestrol/kg body weight. The faint spots near 
the front are probably 11-hydroxyandrostene-dione. 


_ by him probably to be the androgen 11-hydroxyandrostene-dione. This com- 
pound does not reduce blue tetrazolium and was found in the majority of 
 hormal rats, but only rarely after injection of hexoestrol, so that its secretion 
appears to be inhibited along with the production of corticosterone. 

In two rats, which had received injections of hexoestrol, samples of adrenal 
~ vein blood were collected before and after the injection of corticotrophic 
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hormone (ACTH): a 25 % increase in secretion was obtained with 5mu. ACTH 
in the first, but no change was seen with 10mu. ACTH in the second rat. 

This experiment shows that it is not lack of ACTH which accounts for the 
low secretion rate of corticosterone. And this is what one would expect from 
the evidence of increased blood levels of ACTH in rats given oestrogens. The 
effect of ACTH on the secretion of the adrenal of the normal rat under the 
same experimental conditions will be dealt with in a later paper (Holzbauer & 
Vogt, to be published). | 

The adrenal cortex of all rats treated for at least 2 days with hexoestrol 
showed severe loss of sudanophilic lipids. A normal histological picture was 
only found in those three rats which were used 3$ and 44 hr after the injection; 
Fig. 2 shows that in these rats, corticosterone secretion was hardly, if at all, 
depressed. 

Tas.e 2. Adrenal ascorbic acid concentrations (mg/100 g fresh tissue) of hexoestrol- 
treated rats under the stress of urethane anaesthesia 
3 No. of Ascorbic 


acid 
Controls 4 404+ 23* 
Hexoestrol alone 4 300 +17 
Hexoestrol and urethane 4 2224-13 


* s.z. of the mean. 


An experiment was carried out by Dr M. Holzbauer in which the ascorbic 
acid metabolism of lipid-free adrenals was examined. The adrenal ascorbic acid 
of two groups of rats was estimated after four daily injections of hexoestrol 
(0-4 mg/kg). In one group, any stress immediately before removal of the 
adrenals was avoided by killing the animals by decapitation, whereas in the 
other group 1:5 g urethane/kg body weight were injected subcutaneously 14 hr 
before dissecting out the adrenals. This dose of urethane acts as a severe stress 
in normal rats and lowers their ascorbic acid by about 50%. The results of 
Table 2 show, first, that the hexoestrol injections by themselves lowered the 
adrenal ascorbic acid to ? of the normal figure, and, secondly, that urethane 
depressed it still further. Thus the mechanism by which stress causes a fall in 
the ascorbic acid concentration appears to be functioning in these adrenals. 

The possibility will be discussed later that the effect of hexoestrol on the 
adrenals is produced by interference with the synthesis of cholesterol. Since 
progesterone is considered to be an intermediate product in the synthesis of the 
corticoids from cholesterol (Hechter, Zaffaroni, Jacobsen, Levy, Jeanloz, 
Schenker & Pincus, 1951), an attempt was made to overcome the inhibition of 
corticosterone synthesis by the administration of progesterone. A group of 
rats was given 0-4 mg hexoestrol/kg for 4 days, and their secretion of cortico- 
sterone was measured on the fifth day. Twenty-four and two hours before the 
collection of adrenal blood, two of the rats were injected subcutaneously with 
20, and two rats with 25 mg progesterone per kg body weight. The cortico- 
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sterone secretion of all four rats was at, or just above, the upper limit of the 


secretion observed in rats given hexoestrol alone and averaged 9-2.g/min/g 


adrenal with a standard error of the mean of 0-15. Three control rats were 


injected with progesterone only. Their corticosterone secretion was perfectly 
normal. It is not possible to decide whether the fact that corticosterone 
synthesis after hexoestrol was not decisively improved by progesterone means 
that progesterone is not utilized by the rat adrenal under these circumstances 
or that the doses or timing of the injections were inadequate. 


Rabhits 
_ The effect of hexoestrol on adrenocortical secretion was investigated in the 
rabbit in order to see whether the rat differed from related species in its 
response to oestrogens. As in the rat, corticosterone is the main C,,-corticoid of 


_ adrenal blood, but small quantities of dehydrocorticosterone and of cortisol were 
also found. The small amounts of dehydrocorticosterone were not determined 
separately, but the paper rectangle to be eluted was cut in such a way as to 


combine the regions containing corticosterone and its dehydro-derivative, and 


the colour formed was read off as corticosterone. 


TaBLxE 3, Corticosterone* secreted by both adrenals of normal and hexoestrol-treated 


male rabbits 
Normal Hexoestrol-treated 
Adrenal Adrenal 
ight pg Cortico- weight pg Cortico- 
| ( sterone per ( Days of Daily dose __ sterone per 
_ No, b.wt.) min/gadrenal No. b.wt.) treatment (mg/kg) min/g adrenal 
1 0-28 2-1 1 0-24 6-1 
2 0.23 5-1 2 0-28 7:8 
3 0-16 3-0 3 0-22 15 5-0 9-0 
4 0-24 8-7 4 0-27 14 5-0 -— 
5 0-32 1-2 5 0-21 14 5:0 0-84 
6 0-16 1-7 6 0-17 7 10-0 6-4 
mee’ 0-31 2:8 7 0-25 7 10-0 2-0 
Mean 0-24 3-51 0-28 5-36 
* Corticosterone and a small quantity of dehydrocorticost were eluted together and 


; estimated as corticosterone. 


It will be seen from Table 3 that there is much greater individual variation 


of cortical secretion in the rabbit than there is in the rat. This may be due to the 
fact that the rabbits employed were of different breeds. Another cause for 
variation may have been the infection with cysticerci found in some animals 
and not in others. ie 

The range covered by the secretion of the normal rabbits was even exceeded 
by that observed in the animals injected with hexoestrol. Though the mean 


q secretion was higher in the second group, the difference was obviously not 
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significant (Table 3). The doses started at a level (0-3 mg/kg) which is highly 
effective in the rat, and were increased to 10 mg/kg given for 7 days without 
causing the morphological changes in the adrenal which invariably occur in the 
rat. There was no adrenal hypertrophy (Table 3), no greater depletion of lipids 
than the occurrence of small lipid-free patches encountered equally in the 
controls. The only exception was rabbit 6 of the hexoestrol group, which had 
very little sudanophilic material in its adrenals: rabbit 7, however, treated 
concurrently with exactly the same dose of oestrogen, showed the usual lipid- 


laden glands, so that it must be assumed that the cause for the loss of lipids in , 


rabbit 6 was not the administration of hexoestrol. Finally, the loss of weight 
which is observed in rats injected with hexoestrol, and which reaches about 

15 % of the body weight in a fortnight, either did not occur in the rabbits or did 
not exceed 4%, of the body weight. 3 


DISCUSSION 


It is obvious from the foregoing experiments that the administration of hex- 
oestrol to rats inhibits secretion from the adrenal cortex during operative 
stress without causing a preliminary stimulation. The mechanism involved can 
therefore not be ‘exhaustion by overactivity’ and must be sought elsewhere. 

The rapid and complete loss of sudanophilic material from the zona fascicu- 
lata suggests interference with steroid synthesis. Possibly, since much of the 
stainable material is cholesterol, and since cholesterol can act as a precursor of 
the steroid hormones, the inhibition may be one of cholesterol synthesis. Such 
a mechanism would explain the stimulation of ACTH production by a lack of 
corticosterone, the hypertrophy and hyperplasia of the adrenal glands, and the 
hyperplasia of the anterior lobe of the pituitary, if hexoestrol administration is 
continued for a long period of time. The resulting condition would be analogous 
to the response of the thyroid after the administration of thiouracil, when a 
goitre is produced by excessive secretion of thyrotrophic hormone. 

A question of interest is whether the inhibitory effect on the adrenals is 
peculiar to synthetic oestrogens or also occurs with the natural products. 


‘Though corticosterone production has, so far, only been followed after 


hexoestrol, the histological changes reported in the literature appear to be the 
same after all oestrogens; assuming the histological changes to be a reliable 
guide, it would appear that the effect is not peculiar to hexoestrol. 

In other conditions, the stainable lipids may be an ambiguous means of 
assessing the functional state of the adrenal cortex. Thus Skelton, Fortier & 
Selye (1949) have shown that the cholesterol content and the sudanophilia of 
the adrenal may occasionally be dissociated: by giving stilboestrol together 
with lyophilized anterior pituitary, they obtained glands which were depleted 
of cholesterol but contained sudanophilic material. There is, however, no 
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indication that the opposite may occur, i.e. that sudanophilia may be absent 
when the cholesterol content is high. Further experiments will have to be done 
before it can be known whether other conditions, in which severe loss of stain- 
able lipids has been reported, also lead to a decreased secretory function of the 
gland. It is quite conceivable that secretion and synthesis of hormone may be 
go neatly balanced that the cholesterol stores in the gland may be very low 
when secretory rate is at its highest. Such may be the state of the lipid- 
depleted glands after prolonged fasting followed by glucose feeding (Eger, 1942), 
after 2 days of oxygen lack (Darrow & Sarason, 1944), or after exposure for 
Qdays to —4° C (Dosne & Dalton, 1941). The gland of rabbit 6 of the hexoestrol 
series (Table 3) is a proven example for high secretion rate with low lipid 
content. There is, however, a condition in which lipid loss is likely to be 
indicative of inhibition of hormone synthesis, and that is pantothenic acid 
deficiency. This has been suggested by Winters, Schultz & Krehl (1952), who 
also produced evidence of functional failure of the adrenal in the deficient rat. 
Disturbance of extra-adrenal lipid metabolism by lack in pantothenic acid was 
found by Deane & McKibbin (1946); they observed that fatty livers developed 
in their control rats but not in their deficient rats. That extra-adrenal sterol 
_ synthesis is dependent on pantothenic acid was shown by Klein & Lipmann 
(1953) in experiments on cholesterol synthesis by rat liver. Thus the adrenal 
changes may well, in part, be the result of direct inhibition of synthetic pro- 
_ cesses rather than of ‘non-specific stress’ alone. 

Deane & Greep (1947) have suggested that the size of the cells in a lipid- 
- depleted adrenal will indicate whether the tissue is active or non-functional, 
the active cells being large. This criterion does not help in diagnosing the 
_ changes produced by hexoestrol, since the cells are enlarged as a result of the 

_ stimulation by ACTH and yet inactive. 

The dosage required to produce adrenal effects is not excessive. Somers 
(1948) has shown that severe loss of lipid from the zona fasciculata can be 
obtained by giving 20.g/kg hexoestrol daily for 5 days. This dose is not much 
above the threshold for the oestrogenic effect of this substance. In the present 
work, 300ug/kg for 2 days were found to produce both the lipid loss and the 
inhibition of hormone secretion. This dose is approximately that used for 
_ therapeutic purposes in cancer in man. 

This leads us to the question whether the effect of hexoestrol on adrenal 
cortical secretion is peculiar to the rat. 

__ It.was mentioned in the introduction that the effect was not obtained in the 
at, but early damage to the liver prevented the use of high doses. This was 
not so in the experiments on the rabbit; they tolerated doses of hexoestrol 
which were 500 times as high as the smallest effective dose in the rat, but 
_ Reither was the adrenal histology altered by the treatment, nor was the 


 ¢orticosterone secretion diminished. That hexoestrol has, however, some 
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effect on the pituitary of the rabbit was shown by Brown-Grant (1955) who 
demonstrated an inhibition of the release of ™I-labelled thyroid hormone 
from the thyroid by 1 mg of hexoestrol. This effect was interpreted as an 
inhibition of secretion of thyrotrophic hormone. The author suggested that it 
was due either to a non-specific stressing effect or that it was linked to the 
oestrogenic property of the compound. In the guinea-pig, a single injection of 
stilboestrol (0-75 mg/kg) has been reported to increase the excretion of form- 
aldehydogenic steroids in the urine (Zondek & Burstein, 1952). In the rat, the 
same early effect may occur, but it would not be detected by the present 
method, which measures maximal secretion under operative stress and not 
submaximal increase above resting level. 

Though the possibility that in man cortical secrétion is inhibited by 
oestrogens will have to be tested directly, these observations demonstrate the 
magnitude of species differences and the danger of not taking them into 
consideration. | 

The theory that the mechanism by which hexoestrol inhibits corticosterone 
secretion is inhibition of cholesterol synthesis can be investigated directly 
in vitro. Such experiments are in progress using the incorporation of labelled 
acetate into cholesterol in liver slices of hexoestrol-treated rats (G.S. Boyd & 
W. B. McGuire, to be published) and have shown that inhibition is, indeed, 
produced. 

SUMMARY 

1, The amounts of corticosterone secreted by the left adrenal of normal 
male rats and of rats injected with hexoestrol were estimated quantitatively. 

2. It was found that, as soon as histological signs of depletion of sudano- 
philic lipids by the hexoestrol became evident in the gland, secretion of corti- 
costerone was diminished. There was no overlap between the rate of secretion 
of normal and of lipid-depleted glands; expressed as yg corticosterone per min 
per g adrenal, the mean production of hormone after no less than 3 days of 
hexoestrol was 31% of the normal. 

3. The inhibition by hexoestrol was completely reversible. 

4. No other compound with the chemical properties of a cortical steroid was 
found which might have acted as a substitute for corticosterone. 

5. The inhibition of secretion was not preceded by a period of excessive 


secretion. 


6. The hypertrophy of the adrenal which develops after prolonged admini- 
stration of hexoestrol is attributed to a release of ACTH by the low level of 
circulating corticosterone. 

7. The lipid-depleted adrenal of the rat given hexoestrol responds to stress 
by a fall in its ascorbic acid concentration. 

8. The adrenals of rabbits, unlike those of rats, were not inhibited by hex- 
oestrol, even when much higher doses were administered. 
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9. It is suggested that hexoestrol might act by inhibiting cholesterol syn- 
thesis in the rat. 
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SODIUM AND CARDIAC MUSCLE 


By R. J. 8. McDOWALL, A. F. MUNRO ann A. F. ZAYAT 
From the Department of Physiology, King’s College, University of London 


(Received 19 May 1955) | 


Although it has long been known, especially from the work of Fenn & Cobb 
(1936), that activity or anoxia of mammalian muscle causes an uptake of 

- sodium, no attempt has been made to relate these facts to the force of the a 
contraction of muscle, except that of Awad & McDowall (1952) who studied the i 
isolated rat diaphragm, in which the picture is very complicated because of the 
presence of neural and junctional structures. The literature regarding the 
uptake of sodium by muscle as a result of anoxia and stimulation was reviewed 
by Fenn (1936), In the present investigation the subject was studied in a strip 
of the right ventricle of the rat which was found to provide a remarkably 
robust and easily handled preparation for such purposes. The preparation was 


used by Feigen, Masuoka, Thienes, Saunders & Sutherland (1950) for the 
study of ions, drugs and temperature. 


METHOD 


The right ventricle of the heart is dissected from a rat killed by a blow on the head and sub- : 
sequently bled; immediate bleeding is essential to prevent damage by distension. The preparation a 
is a very thin triangular piece of muscle with a thickness of less than 0-5 mm. The preparation is 
set up in the general method adopted for the study of the isolated intestine or rat diaphragm but 
it is held at its lower wide end by a screw clamp electrode in a Perspex holder. The other electrode 
is a piece of thin silver wire which is attached to the muscle in the region of the pulmonary artery 
and which at the same time connects the muscle to the recording lever. The most convenient type 
of lever is the simple isotonic one in common use for recording movements of the frog heart, but q 
all the more important results have been confirmed by the use of a simple flat spring isometric q 
lever carrying a concave mirror from which a reflected beam of light was recorded photographically 4 

at a distance of 82-5 cm, the magnification being x 150. The lever had a natural frequency of 

100 c/s. We have also used a mechano-electronic transducer system. All these methods gave 

similar results, The stimulating current may be derived from any rhythmic source such as an j 
electronic square-wave stimulator, an electric time clock or a Lewis stimulator. In the latter two -_— 
instances it is convenient, for changing the strength of current easily, to pass the current through . 

a simple variable transformer. The preparation is suspended in Krebs’s solution (Krebs & 

Henseleit, 1932) and the solution aerated with 95% O, and 5% CO,. This solution is based on an 

analysis of rat’s blood and is composed as follows: NaCl, 0-69; KCl, 0-0354; CaCl, , 0-0282; NaHCO,, 

_ 0-21; KH,PO,, 0-0162; MgSO,, 0-029 g/100 ml. 
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At first the contractions of the preparations are weak, but they slowly improve, until after a 
period of about 1 hr the contractions at a low rate of stimulation (4/min) are stabilized at a maxi- 
mum and remain so for over 8 hr. The preparation acts over a wide range of temperatures between 
15 and 42° C, but best at 33° C. It isnot possible here to discuss fully the many possible causes of 
this variation with temperature which has long been recognized in relation to frog’s muscle. 
Feigen et al. (1952), who used a solution richer in both sodium and calcium, found the maximal 
response at 27-5° C, At the higher temperatures spontaneous contractions tend to occur. If the 
preparation is kept at room temperature it will remain excitable and give good contractions 
for over 24 hr. 


1 2 4 § 6 : 

Fig. 1. A record taken immediately after the preparation has been dissected out. Effect of 

reducing the sodium chloride in the bath to 0-4%: at 1, during the ‘warming up’ period; 

at 2, after ‘warming up’. At N.K. the preparation was in normal Krebs’s solution. At 4 

and 5 an addition of sodium chloride was made to make the contents of the bath 0-8 and 
0-9% respectively. At 6 sucrose was added. Time marks, 1 min, 


RESULTS 
All-or-none behaviour 


The all-or-none phenomenon may readily be demonstrated, that is, if the 
strength of stimulus is increased to a threshold value, the muscle reacts 
maximally and no further increase affects the strength of the contractions. 
This point is relevant to subsequent results. | 


Reduced sodium chloride 

Once the preparation has become stabilized the effects of reducing the 
sodium chloride of the Krebs’s solution to about half are small or may be 
absent altogether, but in the early part of the experiment, just after the 
preparation has been set up, such reduction brings about an appreciable 
increase in the recorded amplitude (Fig. 1). 

Maximal contractions are obtained at 0-5% NaCl and on lowering further to 
0-3% a depression commences. After the preparation has been exposed to 
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sodium chloride above 0-9% the response to a given low sodium is increased. 


In all experiments when the sodium chloride in the solution was reduced the - 


osmotic pressure of the solution was maintained by sucrose, but this made no 
difference to the results. Reduction of the sodium chloride by reducing the 
conductivity of the solution no doubt increased the stimulus to the muscle, 
but as the preparation gives the all-or-none response this cannot affect the 
results. A very large number of control experiments with other salts of sodium 
and other chlorides indicate that the changes are due to the alterations in the 
- sodium ion and not to the chloride ion which has been shown to be important 
in regard to frog’s muscle. 


Increased sodium chloride 


_ If the sodium chloride in the bath is increased beyond 0-7 % there is at once 
_ adecline in the force of the contractions of the preparation and a series of steps 
may be produced by increasing the concentration from time to time (Fig. 1). 
A small adaptation to the increased sodium is shown by a slight increase in the 
response after an initial depression. This response 1s specifically due to the 
_ sodium as such for it is produced by other sodium salts, e.g. sodium gluconate, 
but not by sucrose which increases the osmotic pressure of the solution to a 
similar extent. : 

The increase of sodium chloride in the bath does not, within the limits of 
the experiment, damage the preparation for it at once recovers if the sodium 
content of the bath is reduced. A striking feature of all these changes is the 
rapidity with which the alterations in the magnitude of the contractions occur. 
A more exact analysis with isometric levers of the cause of the changes is 
deferred to a later stage in the paper. 


The effect of anoxia 

If the oxygen supply is cut off or the aeration changed to one of nitrogen 
and carbon dioxide, after a short period the contractions are potentiated for 
about 2-3 min and thereafter the preparation fails, the failure being accom- 
panied by a contracture. The failure is also accelerated by increasing the 
frequency of stimulation. Thus if stimulated at 4/min the contraction falls to 
50% of its original height in about 13-15 min, but if stimulated at 36/min this 
failure occurs in 6-8 min. It is not possible to ascertain accurately the point 
of complete failure as there comes a point when the contractions are very 
feeble and do not move the lever. 

Re-introduction of the oxygen brings about recovery provided the anoxia 
has not been allowed to persist too long, but this recovery is seldom complete 
and is usually about 50-80% of the original strength. Nor is the recovery 
_ permanent for the preparation begins to fail again after about 2 hr. It fails, 
_ too, even if the preparation is only stimulated occasionally as a test. 
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The contractions of the muscle can be caused to return to normal if the 
preparation is placed in Krebs’s solution in which the sodium has been reduced 
to about half (Fig. 2). Compared with the average normal preparation which 
gives an optimum contraction at a 0-5-0-6 % concentration of sodium chloride, 
a muscle which has been made anoxic contracts best at 0-3-0-4%. A prepara- 
tion which has been made anoxic and has been thus revived by low sodium 
shows an exaggerated response to subsequent changes in the sodium content 
of the bath. Similar results are obtained by the isometric method (see below). 


NOK 


Natl 
(Na. 93 mM 1) 


Fig. 2. Effect of anoxia, At the first arrow the aeration with 95% O, and 5% CO, was changed 
to 95% N, and 5% CO,; at the second arrow oxygen was re-introduced. At the third arrow 
normal Krebs’s solution was replaced by one containing 0-4 % NaCl+sucrose. At the fourth 
arrow normal Krebs’s solution was re-introduced. Rate of stimulation 12 per min. 


These results bear a striking resemblance to those of Clark (1913) and of 
Clark & Daly (1921), who showed that a frog’s heart made hypodynamic by 


prolonged perfusion could be revived by reducing the sodium content of the 


perfusion fluid. They remarked on the similarity of this action to that of 
strophanthin. 

If the anoxia is carried out in a bath of Krebs’s solution in which the sodium 
chloride has been increased to 0-9% its effects are very much greater and 
recovery less. 

After anoxia and revival by low sodium an exaggerated response to increased 


sodium is obtained and a series of steps corresponding to the concentration of 
sodium is seen (Fig. 3). | 


An analysis of the response 
Since it is evident that the increased response obtained by means of a simple 
isotonic lever might be due to an increased speed or duration of contraction 


causing the lever to overswing, the problem has been studied by using an 


isometric system. 
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The isometric method gave the same results as the isotonic and indicated 
that in low sodium the muscle weakened by anoxia produces a greater tension, 
which may amount to 200%, than in normal Krebs’s solution (Fig. 4a, b). On 
a more rapidly moving recording surface it is found that the tension rises more 
- rapidly in a given time and that the contraction lasts slightly longer (Fig. 5). 


Fig. 3. The effect of changing the concentration of sodium chloride after anoxia. 
N.K, =normal Krebs’s solution (0-69% NaCl). 


The effects of frequency of stimulation 

If the preparation is stimulated at about 4/min and at a temperature of 
33° C, the strength of the contraction is maximal and will continue to be so 
for many hours. If, however, the frequency is increased above 6/min, the 
strength of contraction becomes less and less (Fig. 6). As the experiment con- 
tinues, or if the temperature is raised to 40° C, this difference in the response 
_ to varying frequencies becomes more pronounced. The reduced response to 
_ Increased frequency is maintained at a constant level for long periods and 
fatigue is only apparent at very high frequencies. If rapid stimulations are 
stopped for quite a short period and then recommenced the first contraction 
is immediately maximal but soon the response settles down to the lower height 
of contraction corresponding to the frequency (Fig. 6). 

The effect of change of frequency is profoundly affected by the concentration 
of sodium chloride in the bath. It is found that reduction of the sodium 
chloride, provided that it is not reduced below 0-4%, greatly increases the 
capability of the preparation to respond to increased frequency. This is well 
seen in Fig. 6. A demonstration of the phenomenon was given before the 
Physiological Society in October 1953. As in other experiments, the osmotic 
pressure was maintained by sucrose, but this made no difference to the results. 
The beneficial effects of the low sodium are best seen at frequencies from 
4 to 12/min and at 33° C. These observations have also been confirmed by 
Dr Hajdu, of the National Heart Institute, using a mechano-electronic trans- 
ducer. No other changes of ions could be found to produce similar results. 
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Fig. 4. (2) As Fig. 2 but with an isometric system. Stimulation at 4/min. A, The response in 
~ normal Krebs’s solution; B, after anoxia; and from C, low sodium. (b) Shows the same fact 
at a faster rate of stimulation—20/min. 


Fig. 5 Superimposed optical records taken with an isometric system in a fast 
mo 
drum, Time, 0-2 sec. The lower record is that taken in normal Krebs’s oe vad 
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If the sodium in the bath is reduced during a fairly rapid frequency of 
stimulation the recovery often takes place in two distinct stages, the first 
rapid and the second slow (Fig. 7). The two stages are more marked as the 


Fig. 6. The effect of stimulating at 4, 12 and 40/min in normal Krebs’s solution (A) and in a solu- 
tion containing 0-4% NaCl (B). After each the effect of omitting the stimulation for 1 min 
is seen. Note the speed of recovery in normal Krebs’s solution, after the stimulation has 
been stopped for 1 min. 


Fig. 7. The two-stage recovery when the sodium chloride in the bath is reduced from 
0-69 %, to 0-4% during stimulation at various frequencies. 


experiment continues and the procedure is repeated. It is apparent using both — 
isotonic and isometric recording systems and sometimes the first stage is so 
large that the response falls off into the second stage (Fig. 45) as if there were 
two distinct processes concerned. 


avis 


25 


y 


“A 
vg 
i 
ba 
«5 
Ua 
tes 
a 
| 
~ 
> 
¥ 
# hy 
a 
‘3 
+4 


622 R. J. S. McDOWALL, A. F. MUNRO AND A. F. ZAYAT 


The effect of additional potassium 

In view of the fact that it is well known that stimulated or anoxic muscle 
loses potassium the addition of potassium to the medium was compared with 
that of sodium. With concentrations under 10 mm the preparation is stimu- 
lated slightly, but beyond this there is depression only but individual prepara- 
tions vary slightly in this respect. The stimulation is, however, never so great 
as that produced by lowered sodium (Fig. 8). Incidentally, this is the first 
time that a stimulation of cardiac muscle by potassium has been shown. 
Stimulation by potassium is absent when the muscle is contracting maximally 
in optimum low-sodium solution. 


Fig. 8. Comparison of effects of an optimal dose of potassium chloride and of low Na. At the first 
arrow, 17 mg KCl was added to the bath and at the second arrow the preparation was washed 
with normal Krebs’s solution. At the third arrow the solution was changed to modified 
Krebs’s solution containing 0-4% NaCl + sucrose. 


DISCUSSION 


The experiments demonstrate that the contractions of a strip of isolated 
cardiac muscle in Krebs’s solution are markedly affected by the sodium content 
of its environment, being depressed by increased sodium content and aug- 
mented by reduction, and this is particularly evident if the preparation is 
subjected to anoxia. It is seen too that the effects of the anoxia are permanent, 
and we are reminded of the remark of Haldane (1922) that anoxia not only 
stops but ruins the machinery. | 

Since the depression caused by the anoxia can be relieved by reducing the 
sodium in the bath it may reasonably be suggested that these procedures 
bring about an increase in the sodium uptake by the muscle. 
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The failure to recover completely after anoxia, even when oxygen is re- 


_ admitted, is readily explained from the experiments of Hercus, McDowall & — 


Mendel (1955) who showed that after a short period of anoxia the sodium 


uptake was progressive, even in the absence of stimulation, and that even the | 


placing of the preparation in a low sodium solution did not have the same 
beneficial effect it has on a normal muscle. 

Thus cardiac muscle is brought into line with the well-known fact that in 
conditions of salt loss, such as is caused by intense diarrhoea and sweating, 
striped muscle is liable to go into states of excessive contraction. It has also 
been shown by Creese (1954) that isolated rat diaphragm after anoxia takes 
up sodium. 

Thus the results of Fenn & Cobb (1936) and of many others (quoted by 
Fenn, 1936), in regard to striped and cardiac muscle are now related to the 
- functional efficiency of cardiac muscle. 

It may reasonably be suggested that the effects of rapid stimulation are 
essentially those of anoxia, but this appears unlikely, for as has been said the 
effects are rapid and, unlike those produced by anoxia, not progressive. 

Further, Hercus et al. (1955) have been unable to demonstrate that rapid 
stimulation increases the sodium content of the muscle like anoxia, although 
stimulation increased the effects of anoxia. In view of the clear-cut result 
shown in Fig. 6, and the speed with which recovery takes place, it may reason- 
ably be suggested that for complete extrusion of sodium a diastole of a certain 
length is necessary. 

At the same time it seems improbable that the beneficial effects of low 
sodium are all due to a reduction of the sodium in the muscle: they may be due 
in part to a lessening of the gradient against which the sodium extrusion 


mechanism has to act. This is suggested by the remarkable speed of recovery — 


of the preparation and the two stages of recovery which are seen es- 
pecially in the later stages of experiments or if the preparation is stimulated 
rapidly. The first stage of the recovery may be considered to be due to a 
reduction of the gradient and the second sustained effect to an actual loss of 
sodium. If this is so, why a reduction of the gradient should so benefit the 
contraction sets an interesting problem. 

It may be that the muscle has only a given amount of energy at its disposal 
and the less used for sodium extrusion the more there will be available for the 
contraction. 
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SUMMARY 


1. The effects of varying the sodium concentration in the bathing solution 
on the mechanical response of isolated cardiac muscle have been studied on 
the right ventricle of the rat. 

2. The beneficial effects of reducing the sodium in the bath during the 
depression produced by anoxia or rapid stimulation suggests that the depres- 
sion is produced by the uptake of sodium. 
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Bethesda, Md., and the Department of Neurophysiology, Walter Reed Army 
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(Received 17 May 1955) 


The present article is the first of a series of papers designed to describe results 
obtained by recording the electrical activity of elements in the lumbar region 
_of the spinal cord of cats by means of intracellular micropipettes. 

Results obtained applying this technique to the study of spinal reflexes have 
already been reported by Brock, Coombs & Eccles (1952, 1953), Eccles (1952), 
Kecles, Fatt & Koketsu (1954) and Woodbury & Patton (1952). While in the 
studies just quoted attention was focused on the abrupt responses elicitable 
in anaesthetized preparations, an effort was made in this research to analyse 
the activity of preparations presenting the sustained responses described by 
Sherrington. 

Whereas it was usually easy to determine whether the electrode was located 
in primary sensory fibres, interneurones or motoneurones, it was found diffi- 
cult to establish whether the potentials were recorded from somata or axons 
of post-synaptic units, and whether they originated in ‘normal’ or in damaged 
units. The results to be described will show the importance of clarifying these 

problems, and may justify the rather extensive discussion of the techniques 
employed and of the criteria used for selecting results and for identifying 
somatic or axonal origin of the recorded potentials. 


METHODS 


The animal preparation. Spinal or decerebrate cats were used in most experiments, but some 
preliminary experiments and several dealing with activity of primary sensory fibres were 
performed under pentobarbitone sodium (Nembutal) anaesthesia. All animals were curarized 
with Intocostrin or tubocurarine, and were given artificial respiration with oxygen. The spinal 
cord was exposed either by conventional dorsal laminectomy or using a lateral approach. In 
the latter case, the animal was fixed on its side and laminectomy was extended to the trans- 
Verse processes on one side. With this dissection the anterior horns could be reached by the 
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micro-electrode, within 1 mm depth (Pl. 1, fig. 1). Required dorsal and ventral roots were 
dissected free and mounted on platinum electrodes under paraffin oil. 

Cats prepared in this manner, maintained at a rectal temperature between 36 and 39° C, and 
given fluid occasionally, generally showed a systolic blood pressure between 100.and 1560 mm Hg 
and good electrically recorded reflexes for a period of several hours. 

Fization. Movement of the tip of the electrode relative to the spinal cord presents a serious 
problem. This was attacked by making both the cord and the microelectrode rigid with respect 
to the animal frame. The cat was suspended in a frame of parallel bars by pins in the crests of 
the ilium, a clamp on the spinous process just rostral to the laminectomy, and a head holder. 
Following a suggestion by Dr J. W. Woodbury, bilateral pneumothorax was performed and the 
lungs were inflated only out to the chest cage in order to eliminate transmission of respiratory 
motions to the lumbar region. Rapid rate ventilation with 98% 0,-2% CO, was found to be 
necessary for adequate respiration in these conditions. With this method there is no visible 
movement. Even slight movement of the flanks in phase with respiration indicates either mucous 
clogging of the trachea or insufficient curare, and can be corrected. : 

None of the commercially available micropositioners tried have been sufficiently free from 
vibration for use with this technique. However, both hydraulically and mechanically driven 
systems were constructed which were massive enough to give adequate rigidity. Relative move- 
ment due to pulse pressure is only occasionally severe enough to cause potential fluctuations; 
presumably this occurs near small arteries. 

Experimental arrangement. Text-fig. 1A shows the apparatus in block diagram. A base rate 
generator controls the sweep frequency of the double-beam oscilloscopes B and C. Oscilloscope C 
is a slave of B used for visual observation. A pre-set counter controls the frequency of stimulation 
permitting selection over the range from | stimulus/sweep to 1 stimulus/100 sweeps. Isolation 
transformers and selector switches connect the stimulators to nerves and roots. 

- Potentials from external electrodes on ventral or dorsal roots are amplified with capacitance 
coupling and displayed on the lower beams of oscilloscopes B and C. Thesé beams were usually 
blanked when photographs were taken. The microelectrode is mounted on the preamplifier which 
is connected, through a direct-coupled amplifier, to oscilloscopes A, B and C, to the fourth channel 
of the direct-coupled paper recorder, and to a loud-speaker. The first three channels of the direct- 
writing instrument record respectively blood pressure from a strain gauge bridge amplifier, 
microelectrode position in its axial direction, and the opening and closing. of the two camera 
shutters. Camera B records the sweeps displayed on oscilloscope B while camera A records the 
microelectrode potential displayed on oscilloscope A with continuous film movement for time 
base (Text-fig. 2). 

Microelectrodes. Pyrex glass (No. 7740, redrawn) pipettes filled with 3m-KCl similar to those 
described by previous workers were used. Pipettes were drawn in a vertically mounted magnetic 
puller providing a tension which increases rapidly with elongation of the glass. The tips are less 
than 0-5 and are not resolved by a visible-light microscope. The last few micra of length show 
@ more rapid taper than the main drawn section, and this shape appears to be important for 
a fine tip with not too high a resistance. Earlier pipettes were filled by boiling in 3m-KC!I for 
2-3 hr. In later experiments, following a suggestion by Mrs I. Tasaki (Tasaki, Polley & Orrego, 
1954), pipettes were first filled with methyl alcohol by boiling at reduced pressure. The alcohol 
was then replaced by 3m-KCl by simple diffusion in about 48 hr. Filled pipettes stored more than 
a week in 3m-KCI are rarely adequate for recording purposes. A platinum wire, silver plated and 
chlorided, was sealed into the open end with dental Sticky Wax and the pipette mounted inside 
the driven shield of the preamplifier. In some experiments the outside wall of the pipette was 
platinum plated, providing effective shielding up to the immediate neighbourhood of the micro- 
electrode tip (Text-fig. 1B). This shielding is not needed when negative capacitance feed-back 
amplifiers are used, and was omitted in later experiments. Electrodes were selected for a resistance 


of 15-50 MQ when immersed in 3m-KCl; they showed two to five times higher resistance when 
inserted in the spinal cord. 
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Preamplifier. Five different preamplifiers have been designed and tested in connexion with 


- this research, The last of these is a modification of a negative capacitance feed-back preamplifier 


developed by MacNichol & Wagner (1954) (see also Solms, Nastuk & Alexander, 1953; Woodbury, 
1953), and appears to be the best circuit from a number of standpoints. Its approximate 
characteristics are: grid current over the dynamic range less than 10-"A, effective input 
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Millimetres 
Text-fig. 1. A: diagram of arrangement used for stimulating and recording. B: drawing of 
mounted microelectrode. In later experiments its construction was simplified by eliminating 
platinum plating. 


capacitance of 1 pF, noise close to the theoretical noise of the input resistance (about 0-5 mV for 
50 MQ) and a dynamic range greater than 0-5 V. Direct current drift was less than 10 mV/hr. 
The feed-back of negative capacitance is designed to improve the frequency response of the pre- 
amplifier in the face of the high electrode resistance, and of the capacity between microelectrode 
and grounded spinal cord. For proper compensation, adjustment is required while the electrode 
is in the cord, Text-fig. 3A shows the method used for accomplishing this. A dummy electrode 
resistance Re and capacitance Ce of reasonable values (50 MQ and 10 pF) are connected to the 
input grid. A resistance R (20 MQ) can also be connected to the grid through the switch Sw-1. 
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Text-fig. 2. Records taken simultaneously from the 4-channel direct-writing recorder and from 


the two cameras, 1, carotid blood pressure. 2, movement of the microelectrode. The limit 
of defiexion of the instrument is reached by a movement of 200 u. After this, the pen 
jumps back and begins recording of further movement in the same way. An upward deflexion 
on the record indicates increased penetration. 3, signals from shutters of the two cameras. 
Upward deflexion indicates single-frame camera shutter open; downward deflexion indicates 
running-film camera shutter open. 4, record of microelectrode potential relative to reference 
electrode on vertebral column. Note potential oscillations when electrode is moved and 
steady negativity when it is, presumably, inside the membrane of a unit. Insert A shows 
responses of the penetrated unit to stimulation of a ventral root, as photographed by the 


_» single-frame camera. Insert B shows a strip of record taken by the moving-film camera at 
_ the time indicated by the two arrows. Note the different display of the same events in these 


_ photographs and in the direct records. Calibrations: channel 1, 50-150 mm Hg; channel 2, 


200 4; inserts A and B and channel 4, 50 mV. Time: 60 sec for direct records. 
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A low impedance square wave source is connected either to Re or R by the switch Sw-2, the other 
being grounded. With the square wave fed to the grid through Re and with Sw-1 in position 1, 
the feed-back is adjusted for minimum distortion at the output. Reversing Sw-2 and throwing 
Sw-1 to position 2 will, without C, require less feed-back for optimum response. C is therefore 
adjusted until the amount of feed-back required is the same with the switches in either of the 
two positions. If Ce and Re are now varied within the range to be expected with microelectrodes, 
it is noted that (once C is adjusted as indicated) the feed-back giving best response to a square 

_ pulse introduced through 2 is still quite similar to that required when the pulse is introduced 
through Re. There is, therefore, good assurance that adjustment of the feed-back through R will 
be approximately correct: also for real microelectrodes having values of Re and Ce within the 
tested range (3-10 pF; 30-100 MQ). By using this method it is soon found that an approximate 
adjustment of feed-back can be made by setting the control a little below the level producing 

‘ringing’. Repeated comparisons show that the recorded action potential height, using this 

described above. | 


Driven shield 


Text-fig. 3. A: circuit diagram illustrating method used for adjusting the negative capacitance 
feed-back. B: circuit used for measuring the total electrode is 
inserted in the cord. Explanations in text. 


_ to show breakage or clogging of the micropipette. A method for doing this is illustrated in 
Text-fig. 3B. The battery Z represents the sum of several constant potentials. These may include 
_ the junctional potentials of microelectrode and reference electrode, the membrane potential of 
any penetrated element, and the compensating potential used to bring the sum of these within the 
dynamic range of the preamplifier. Because of H, a deflexion V, is produced in the recording 
instrument when Sw-1 is moved from 1 to 3. A smaller deflexion, V, will result if Sw-1 is moved 


from 1 to 2. The electrode resistance Re is determined from the relative sizes of V, mer 


regardless of the value of ZH: 
Re=R 


V, 
V,-V,- 
The amplitude of a nerve impulse may be used as the potential V, for a measurement of the 
- input resistance with the electrode inside a neurone during the peak of its action potential. In 
this case V, is the reduction of spike height observed after moving Sw-1 from 1 to 2 and Re is 
determined by the relation given above. 
Criteria for selection of results 
The experiments on which this and the following papers are based were performed between 
October 1951 and January 1955, and involved 150 cats. 
It is estimated that over 5000 units have been penetrated by the microelectrode during this 
series of experiments. Of these, photographic records have been taken from approx. 600, and 


only about 250 have been thoroughly analysed. These figures show that extensive selection was 
exerted not only during analysis of the records, but also during performance of the experiments, 
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inasmuch as activity not possessing certain features was not recorded. The dangers of selecting 
results-are particularly great when the features of the activity of any one unit are described as 
representative of a whole population, and it is important to clarify the criteria on the basis of 
which some units were chosen for analysis and others were discarded as abnormal. 

In the early stages of the research, technical failings of the equipment constituted a major 
source of faulty results. Movement of the electrode relative to the cord and unsuitable charac- 
teristics of the amplifying system have been mentioned by other authors as possible sources of 
error. Besides these, it was found that the microelectrode had to have certain features in order 
to penetrate cells without obvious damage. KCl solution leaks from some apparently fine and 
from most coarse or broken electrodes. The leakage can be observed under the microscope as 


a growth of solid substance (presumably KCI crystals) from the microelectrode tip (Moore & Cole, — 


1954). 

Fine electrodes can be inserted under microscopic observation in unfixed slices of spinal cord 
stained with methylene blue, and can be seen to puncture cells without evident damage (PI. 1, 
fig. 2). If a coarse (1) pipette is used instead, a yellow-brown colour soon appears in the 
penetrated cell and leaks along the electrode track when the pipette is withdrawn from the unit. 
When these coarse electrodes are used for recording, membrane and spike potentials can be held, 
with progressive deterioration, for a short time only, and the spikes present an approximately 
exponential falling phase of characteristic appearance. Elements presenting these features have 
been considered possibly damaged and have been discarded. 

Fine electrodes not presenting observable leakage of the filling solution do not seem always 
to inflict rapid damage on the penetrated unit. In several units, constant value of potentials and 
responsiveness to stimuli were maintained for over an hour. Ultimately, however, all units 
present signs of deterioration starting with decrease and ending with complete loss of membrane 
and spike potentials. Therefore, results obtained long after penetration were accepted with 
caution and discarded if they differed considerably from results obtained earlier in the same unit. 

Other results have been discarded because they were assumed to be vitiated by poor general 
conditions of the preparations. In previous work (Brooks & Fuortes, 1952), it was found useful 
to correlate the electrical discharges recorded at any given time from roots or rootlets with the 
movements elicitable at the same time by sensory stimulation. For instance, when studying the 
electrical activity accompanying flexor reflexes, it was checked from time to time that the 
preparation still retained the ability to withdraw the limb when this was touched or pricked, and 
only in the affirmative case was the discharge assumed to be representative of ‘normal’ reflex 
activity (see Matthews, 1953a). Since this criterion cannot be resorted to in curarized prepara- 
tions, during the present experiments it was often found necessary to evaluate the actual 
conditions of the preparations from the features of the electrical records led off from ventral 
_ roots. When the composite reflex discharge elicited by sensory or electrical stimulation appeared 
abnormal, the unitary discharges led off from the microelectrode were presumed to be also 
abnormal and were disregarded. 

An effort was made not to select results on the basis of agreement with findings obtained by 
other authors using similar technique. Thus absolute values of membrane or spike potentials, 
spike duration, presence of overshoot were not used as criteria for choosing the units to be 
analysed. Because large potentials are more suitable for recording and analysing, the photo- 
graphic records heavily favour elements yielding large electrical potentials. Small spikes were, 
however, not altogether discarded, and a large number of them was recorded or carefully observed. 


RESULTS 


Potentials observed when the electrode is moved through the cord. 


Pl. 1, fig. 1, is a photograph of a section of the lumbar region of the spinal 
cord of a cat. The lines across the photograph can be used as an indication of 
the structures which the electrode is likely to cross in a track through the cord. 
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Not more than three or four motoneurone bodies are crossed by each line, but 


numerous small cells and innumerable fibres will always be in the path of the 
electrode. 

In a number of experiments the microelectrode was continuously moved 
through the cord at an approximately constant speed. The potentials recorded 
under these conditions are illustrated in Text-fig. 4. It is seen that the 
potential of the microelectrode with respect to the reference electrode tends 


_to return recurrently to one extreme value, emphasized in the figure by the 


_ ‘Text-fig. 4. Records of channels 2 and 4 of direct-writing instrument (see Text-fig. 2). The records 


were taken during continuous movement of the electrode from dorsal to ventral surface of 
eord for a depth of about 3 mm. The large downward swings in the lower trace indicate 

_ probable penetrations of neural elements. The dashed horizontal line emphasizes the stability 
of potential level measured when the electrode is presumably extracellular. Calibrations: 
channel 2, 200 »; channel 4, 50 mV. Time: 60 sec. 


dashed horizontal line: this potential value is taken as the adjusted zero and 
is assumed to be recorded when the electrode is in the extracellular space. The 
large downward swings, indicating microelectrode negativity, are assumed to 
reveal penetration of cellular membranes. Smaller negative potentials are 
recorded for a considerable percentage of time and are less easily interpretable. 
Some of these small potentials must originate in nervous elements because, on 
frequent occasions, they are recorded together with nerve impulses. Others 


_ may be due to potential gradients in the extracellular fluid either occurring 


naturally or due to electrode penetration of nearby membranes, or may 
represent the membrane potentials of non-neural elements, such as glia cells. 

The potential recorded when the electrode is presumably in the extra- 
cellular fluid has constant value at all depths in the cord. Thus the finding 
(Gopfert, 1953; Matthews, 19536), that in frogs or rats the anterior horns are 
considerably negative with respect to the dorsal regions of the cord, was not 


_ confirmed in the preparation used in this study. 
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- Not infrequently large sudden jumps in potential to a steady level up to 
80 mV (microelectrode negative) are observed. Stimulation of previously 
prepared roots or nerves may produce no spikes or other changes in these 
potentials. In fact, experiments in which stimulating shocks are delivered 
through the microelectrode while simultaneously recording from it (to be 
described in a later paper), indicate that when these potentials occur, no 
response is elicited by shocks more than adequate to stimulate cells and fibres, 
They may be, therefore, electrically inexcitable neural elements, or non-neural 
elements with large and stable membrane potentials. 

_ On several occasions it was observed that a unit could be punctured several 
times without severe loss of membrane and spike potentials (Text-fig. 5). In 
agreement with previous findings (Nastuk & Hodgkin, 1950; Draper & 
Weidmann, 1951) this observation leads to the conclusion that the damage 
produced by impalement is not noes very drastic. Obvious damage 
occurs, however, quite frequently. 

In some cases, immediately after penetration, spike and membrane potentials 
had a high value, but within a few seconds fell to a lower value which remained 
stable for some time. However, minute movements of the microelectrode 
frequently resulted in increase and stabilization of the potentials of a pene- 
trated element. Both observations can be explained on the assumption that 
the amplitude of the recorded potentials depends on the completeness of the 
‘sealing’ of the membrane around the shaft of the pipette. Whenever sealing 
is incomplete potentials smaller than normal should be recorded, and deteriora- 
tion of the unit might be expected. Conversely, small movements or other 
events favouring the process of sealing may increase the amplitude of the 
recorded potentials and prevent further deterioration. The patterns of 
impulse responses to afferent excitation, obtained early after penetration from 
units producing full-size spikes, quite often did not change if the spike size 
later decreased. On several occasions deterioration of spike height from 80 to 
1 mV was not accompanied by changes of these impulse patterns. This 
observation was at first somewhat surprising, but could be interpreted on the 
basis of results to be mentioned later on. 

Membrane and spike potentials can be piveined: not only when the electrode 
is pushed down into the cord, but also when it is pulled back (Text-fig. 6). 
Large potentials can be recorded on withdrawal if the electrode can perforate 
both sides of the cell and be pulled back in it without evoking serious damage. 
Smaller potentials can be obtained in a similar way or also if the electrode, 
having ruptured the cell’s membrane, is withdrawn into a region of extra- 
cellular fluid which, being close to the hole, reflects the potential changes 
occurring inside the cell. 

On some occasions penetration by the electrode evoked repetitive firing. In 
the a of these cases, the firing had the typical features of the injury 
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d 


Text-fig. 5. Records from channels 2 and 4 of direct-writing instrument (see Text-fig. 2), and 
sections of photographic record taken simultaneously on running film. A ventral root was 
stimulated every 0-5 sec. The records start with the electrode presumably inside a moto- 
neurone. At a in all records, the electrode is withdrawn from the motoneurone by upward 
movement of about 170 y. It is then moved down for approximately the same distance and 
repenetrates the unit at b. ¢ and d indicate a similar withdrawal and repenetration, The photo- 
graphic record was interrupted at ¢, but the same manoeuvre was again recorded on the 
direct writer. The regularly spaced vertical lines on channel 4 are the waves of post-spike 
hyperpolarization seen in the photographs. (The action potentials themselves are too fast 
to be recorded on the direct-writing instrument.) Calibrations: channel 2, 200 »; channel 4 
and photographic record, 50 mV. Time: 60 sec for direct records, 1 sec for photographic 
record. 
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Text-fig. 6. Records from channels 2, 3 and 4 of direct-writing instrument and sections of photo- 
graphic records taken at the same time. Pairs of stimuli were applied to a ventral root at 
every 0-75 sec for purposes of identification (see p. 643 and Text-fig. 13). Record of channel 4 
shows three successive penetrations, each followed by repetitive firing appearing in the 
record as a solid black band. Note that all penetrations occurred when the electrode was 
pulled back (see p. 632), and that between a and b the electrode slipped out without in- 
tentional movement. As shown in channel 3, running film record was started just after the 
first penetration and again just before the second penetration. a through e indicate corre- 
sponding times in photographic and direct records. Insert is a photograph with fast sweep 
(time marks 1 msec) of the response of the unit to the pair of ventral root stimuli. 
Calibrations: 50 mV. Time: 60 sec for direct records, 1 sec for photographic record. 
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discharge described by Adrian & Matthews (1934): an initially high frequency 
of discharge rapidly decreasing and ending within a few seconds with death 
of the unit. In other instances, the firing was of moderate frequency and 
subsided soon after penetration, leaving no sign of damage of the penetrated 
unit (Text-fig. 6). These instances suggest the possibility that the micro- 
electrode may alter the rhythmical properties of the impaled unit. There is no 
way of determining if rhythmical discharges recorded from interneurones are 
normal or abnormal. In primary afferent fibres or motoneurones, however, 
discharges recorded with microelectrodes can be compared with those recorded 
from roots or from the periphery. Since no difference is found between 
patterns of discharges recorded with the two methods, it can be concluded that 
the rhythmical properties of tissues are not fundamentally changed by the 
microelectrode. Alterations too subtle to be detected by this comparison have 
to be disregarded at this stage of the research. 

_ Nearly maximal positive spikes are sometimes recorded with essentially no 

membrane potential. Tasaki (1952) has reported similar findings when the 
microelectrode tip was inside the myelin but outside the axis-cylinder of a 
- medullated nerve fibre. He states (p. 93) that: ‘The myelin sheath or a layer 
of myelin shows a high resistance to direct currents, but transient current 
- pulses can flow through this layer.’ The pure positive nature of this spike 
requires that the time constant of this capacitative coupling be large in 
comparison with the duration of the spike. ; | 

Saltatory conduction permits another explanation. With some simplification 
it can be considered that the region inside the myelin but outside the membrane 
of an internode is coupled with the internodal axoplasm through a battery E 
(the membrane potential of the internode), which remains unchanged during 
activity. A microelectrode in this region will record the sum of the potential 
of the internodal axis cylinder and the steady potential H. At rest this sum is 
zero, while during activity it will give rise to a positive spike equal to that of 
the axoplasm but rising from zero rather than from the negative potential of 
the internodal axoplasm. Since during activity there is a small outward 
current through the myelin (Huxley & Stémpfli, 1949) a microelectrode 
inserted part way through this layer will record a positive spike proportional 

_ In amplitude to the depth of penetration. — 


Measurement of membrane and spike potential 
Text-figs. 5 and 6 show that when the electrode is moved presumably from 
the extracellular fluid to the inside of a unit, or vice versa, the potential drop 
does not necessarily occur suddenly, but may take place either gradually or in 
several steps. Because of this, it is difficult to choose the correct reference 
potential if one considers only the potential changes occurring immediately 
before and after penetration. In this research, membrane potentials have 
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been taken with respect to the recurring positive potential of the direct-writing 
recorder (upper horizontal line in Text-fig. 4). Selecting the units in which 
the values could be measured more accurately (a procedure which strongly 
favoured the larger values), a number of measurements of membrane and 
spike potentials were taken. In Text-fig. 7 the spike potential is plotted 
against the corresponding membrane potential. The points situated above the 
line of unit slope correspond to units which present overshoot and form the 
‘majority of the population considered. Points from units presenting small 
membrane and spike potentials could have been included and would have 
filled the lower left corner of the figure. They have been discarded through 
the selection processes already discussed, although they constituted the 
majority of the units seen. 
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Text-fig. 7. Plot of spike amplitude against corresponding steady voltage (measured as described 
in text) of the units penetrated and recorded in fourteen unselected experiments. Units 
represented by circles were identified as primary afferent fibres. Units represented by dots 
were not so identified. One hundred and sixty-seven units are included in the figure and 
only twenty-three of these fall below the unit slope line. 


Potentials recorded from primary sensory fibres , 

Features of membrane and spike potentials. Contrary to assumptions by 
some authors (Brock et al. 1953, p. 453), and in agreement with others (Tasaki, 
1952; Woodbury, 1952; Woodbury & Patton, 1952), fibres can be penetrated 
by microelectrodes. In these experiments it was found that microelectrodes 
can easily be introduced in root fibres lifted from the cord, or altogether 
severed from the animal and placed in a nerve trough. When the electrode is 
slowly moved through a lifted dorsal root, as many as twelve fibres can be 
penetrated in 1 mm. The electrode can be held in fibres as long as in other 
elements of the cord, and in favourable conditions can repenetrate them 
several times without great loss of membrane or spike potentials. 
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When the electrode is inserted in the cord, a penetrated unit can still be 
_ identified as a primary afferent fibre by measuring the latency of its response 
to a dorsal root shock. It is reasonable to assume that responses occurring 
with less than 0-5 msec latency are led off from primary fibres. Size and time 
course of spikes recorded from primary sensory fibres is the same in roots as 
within the cord. Apparently presence of a larger or smaller volume conductor 
around these fibres does not alter their recorded action potential, unless a 
large number of the root fibres are synchronously excited and the root is lifted 
into an insulating medium. Text-fig. 8 illustrates the effect of an insulating 
medium on the potentials recorded from a root fibre when a synchronous 


_ Text-fig. 8. Effect of volume conductor On potentials recorded by intracellular electrodes. The 
microelectrode is inserted in a fibre of a ventral root, In A and B the root is surrounded by 
paraffin oil; in C and D the oil is replaced by Ringer’s fluid. A and C, stimulus just sub- 
threshold for penetrated fibre; B and D, maximal stimulus. Calibration: 50 mV. Time: 
1 msec. 


volley travels along the root. The upper records show the potentials recorded 
from a high threshold fibre due to activity in many of its neighbours, when the 
root is in oil, When the penetrated fibre is also excited, its spike is added to 
the extrinsic wave, which, in this limited volume conductor, is a considerable 
part of the recorded potential. The lower records show that a much smaller 
extrinsic potential is recorded from a similarly high threshold fibre when the 
root is surrounded by conducting fluid. If only a small number of impulses 


are synchronous in the neighbourhood of a microelectrode, very little extrinsic 


activity is recorded even in a limited volume conductor. It can be concluded 
that extrinsic potentials do not appreciably distort the potentials recorded by 
microelectrodes inserted in elements of roots or spinal cord, except in the 
presence of large synchronous volleys in a limited-volume conductor. 
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Spikes from dorsal root fibres are always short-lasting. The distribution of 
spike duration for root fibres is shown in Text-fig. 9A, in which the values 
obtained from two experiments are presented without selection. Since 
damage to the fibre usually increases spike duration, it can be assumed that 
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Text-fig. 9. Charts illustrating distribution of duration of spikes recorded from different structures. 
Abscissae: spike duration in msec; ordinates: number of spikes within 0-3 msec groups. 
A, spikes recorded from dorsal and ventral root fibres; B, spikes recorded from motoneurones 
presenting signs of block of antidromic conduction (presumably motoneurone somata or 


dendrites—see p. 643); C, spikes recorded from elias elements of the cord other 
than those of A and B. 
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the asymmetry of the distribution curve is in part due to inclusion in the 
table of results obtained from damaged fibres. Despite this, the distribution 
curve presents a peak at 0-6 msec with a standard deviation of +0-2 msec. 
Spikes of similarly short duration have been recorded in spinal cord units by 
Woodbury & Patton (1952), but have not been reported in work from Eccles’s 
Jaboratory. 

Dorsal root reflexes. Toennies (1938, 1939) and Barron & Matthews (19388, c) 
found that, following dorsal root stimulation, some fibres of the stimulated 
or of an adjacent dorsal root conduct. antidromic impulses: the dorsal root 
reflex. As already reported by Frank (1953), these antidromic impulses can 
be picked up by microelectrodes. Knowledge of their features is important 
for determining the pre- or pom aynapiae origin of certain discharges recorded 
from units in the cord. 

When a microelectrode is located in one of the more excitable fibres of a 
dorsal root, a weak stimulus evokes only a short-latency orthodromic response, 
but stronger shocks may elicit one or more antidromic, ‘reflex’ impulses. 
Conversely, when the penetrated unit does not respond readily to the applied 
electrical stimuli, its threshold is reached only by stimuli which are supra- 
threshold for a large number of the surrounding elements. For such fibres 
‘reflex’ responses may appear first, and the direct, orthodromic response will be 
elicited only by stronger stimulation. A minimal change in stimulus strength 
is sufficient to include or exclude excitation of the penetrated fibre. Presence 
or absence of a direct response does not alter the latency of the ‘reflex’ response 
in these conditions (Text-fig. 10). Apparently a certain quantity of impinging 
impulses is necessary for generation of dorsal root reflexes in any one fibre 
but participation of the fibre itself in the impinging volley does not peeely 
alter the features of its ‘reflex’ response. 

In this research, the shortest latency observed between stimulus to a doo! 
root and first antidromic impulse was 2-5 msec and the longest about 15 msec. 
Dorsal root reflexes often consist of more than one but rarely of more than 
three impulses following a single shock to a nerve or to a dorsal root. Dorsal root 
reflexes have been recorded with the present technique, not only following 
dorsal root stimulation, but also following stimulation of cutaneous or mixed 
nerves. When the electrode was inserted in a fibre of a peripherally cut dorsal 
root, dorsal root reflexes could be identified also following sensory stimulation. 
The increase in dorsal root reflexes at subnormal temperature (Barron & 
Matthews, 19386, c) has been confirmed. 


Although it cannot be stated whether dorsal root reflexes occur in normal conditions, they are 
- common enough in experimental preparations to justify some speculations on their possible 
functional effects. If they occur following normal activation of receptors, they will have two main 
consequences: by collision they will prevent impulses initiated in certain receptors from reaching 
the spinal cord, and, when they do not collide, by antidromically impinging on the receptive 


5 
i” 
a 
= 
< 
xz 
Ag 
a 
a 


640 K. FRANK AND M. G. F. FUORTES 


terminals, they may condition some receptors to subsequent natural stimuli. It is interesting to 
note in this respect that sensitization of skin receptors has been observed to occur following 
antidromic bombardment (Lewis, 1942; Habgood, 1950). 


Receptor discharges. When the dorsal roots are not severed from the periphery, 
receptor discharges are often recorded by the microelectrode. Stimulation of 


A | 


Successive stimuli € 


Text-fig. 10. Dorsal root reflexes. A, impulses recorded from a dorsal root fibre following 
stimulation of that root. Dorsal root stimulus is threshold for the penetrated fibre in a and 
just subthreshold in 6. Presence of the direct impulse does not affect latency of the ‘reflex’ 
spike. Strength of dorsal root stimulus decreased further in c and d. B, impulses recorded 
from a different dorsal root fibre following strong a, medium b and weak c stimuli to the 
same root. Note double ‘reflex’ response to strong stimuli. C, same fibre as B: ‘reflex’ 
impulses evoked by stimulation of a neighbouring root. In A-C, calibration: 50 mV. Time: 
1 msec. D, latency of first dorsal root reflex of a fibre following successive root stimulations 
at threshold strength for the penetrated fibre. Stimulus evoked orthodromic firing in eight 
cases (solid circles) and only ‘reflex’ firing in six (open atic but latency remained approxi- 
mately constant throughout. 


the intact dorsal root can still be performed in order to permit (on the basis of 
latency of response) identification of the penetrated element as a primary 
sensory neurone. Trains originating in receptors are strikingly regular in 
comparison with those originating in post-synaptic units (Text-fig. 11). 

No new features of organization of sensory discharges have been revealed 
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_ during this research, and some of the properties already found by other authors 
have been confirmed. Among these, resetting of the rhythm of the sensory 
train could be demonstrated to occur following bombardment of the receptor 
with an antidromic impulse. 


Text-fig. 11. Primary afferent fibre responses to touch recorded in the spinal cord. Light touch 
begins at ¥: increases progressively and terminates abruptly at A. Traces are contiguous. 
Throughout records fibre is stimulated by dorsal root shocks every 0-85 sec. Latency of 


response to these shocks permits identification of unit as primary afferent. Calibration: 
50 mV. Time: | sec. 


Receptor discharges have been recorded when the electrode was situated 
up to 45 mm deep in the cord. When the electrode penetrates a primary 
sensory fibre deep in the cord, latencies of up to 0-4 msec were measured 
between an electrical shock to a dorsal root and appearance of the direct 
_ Spike. In these cases, the impulses must have been recorded from already 
subdivided branches of primary fibres. Still, sensory discharges picked up 
from the depth of the cord maintained their usual features. Intermittence of 
__ the rhythmical trains, such as that found to occur after conduction along the 
_ posterior columns (Barron & Matthews, 1935), or other evidence of pre- 
~— inhibitionswas not observed in the experimental situations employed. 
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~ Dorsal root potentials, When impulses enter the spinal cord by way of 
a dorsal root, a slow potential change develops between two conventional 
electrodes located on the root of entry or on a neighbouring root, one close 
to the cord and another more distally (Barron & Matthews, 1938a). These 
potentials have been called dorsal root potentials. They are supposed to 
propagate electrotonically along the root. 

Following strong stimulation of a dorsal root, a small potential change 
similar in its time course to the dorsal root potentials sometimes develops 
between a microelectrode inserted in a dorsal root fibre and a distant point. 


A 


Text-fig. 12. A and B, slow potentials from @ microelectrode in & dorsal root; A just before, and 
B just after penetration of a fibre. Shock just below threshold for fibre. High gain, con- 
denser-coupled trace shows no change in potentials from A to B. Low gain, direct-coupled 
trace has a different sweep speed, but indicates about 70mV membrane potential. Cali- 
brations show 50 mV (short bar) for low gain, and 10 mV for condenser-coupled record. 
Time: 1 msec. C, dorsal root fibre action potential showing ne slow potentials. 
Calibration: 50 mV. Time 10 msec. 


This slow wave cannot, however, be interpreted as a potential drop across the 
membrane of the fibre considered because: (1) it is equally large and has the 
same polarity when the electrode is outside the fibre as when it is inside 
(Text-fig. 12A, B); (2) it becomes negligibly small when the root is placed in 
a pool of conducting fluid instead of oil, or when the microelectrode is 
inserted in a similar fibre inside the cord (Text-fig. 12C), Dorsal root potentials 
are also not recorded following sensory stimulation (Text-fig. 11). 

The reasons for the failure to record dorsal root potentials by means of 


microelectrodes cannot be explained without the help of assumptions, ya 
these will be discussed later. . 
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soma, one would expect that, conversely, the spike of the soma could be 
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Potentvals recorded from motoneurones 


Membrane potentials and spikes recorded from ventral root fibres are 
similar to those seen in dorsal root fibres. The spikes have short duration and 


- are not accompanied by slow potentials. When the microelectrode is inserted 


in the spinal cord, two types of short-latency responses to ventral root stimu- 
lation are recorded from different units. Both types of units respond to a 
ventral root shock by discharging a single impulse within 0-2 msec and are 


- thereby defined as motoneurones. Some of these units present spikes as short 
as those recorded from ventral root fibres, and are not accompanied by slow 


potentials (Text-fig. 13B). Other units instead present spikes of longer 
duration followed by long-lasting hyperpolarization (Text-fig. 13 A). 

These two types of units differ also in the nature of their response to pairs of 
ventral root shocks. Units producing long-duration spikes respond to double 
ventral root stimuli in the manner already described by Brock et al. (1953). 
As the stimulus interval is decreased, a clear inflexion appears in the rising 
phase of the second spike, the duration of which is prolonged as a consequence. 


The inflexion becomes more pronounced following further reduction of 


stimulus interval, and finally the response falls from the point of inflexion. 
In most cases, the height of the small response at this critical stimulus interval 
is 30-40% of the height of the full spike (Text-fig. 13 A). 

In agreement with the conclusions by Brock e al. (1953), the events just 
described can be interpreted by assuming that conduction from the point of 
stimulation to the point of recording is blocked for some time after passage of 


- one impulse. The non-medullated section of the motoneurone axon or the axon 
hillock itself are likely points of block. When a penetrated unit produces 
short-duration spikes, as the stimulus interval is decreased below 2-3 msec, 


the size of the second spike decreases progressively, then fails altogether 
(Text-fig. 13B, C). Reduction of the second spike can be ascribed to reduced 
responsiveness in the relatively refractory period, and its failure to the absolute 
refractoriness of the stimulated region of the fibre following discharge of the 
first impulse. 

If one accepts that the block occurs at the axon hillock, then, since only 
elements with long-duration spikes show evidence of conduction block, it must 


_ be concluded that long spikes originate upstream from the axon hillock, i.e. in 


the cell bodies or dendrites, and short spikes originate in axons. 
The distribution of spike durations from presumed motoneurone somata 
indicating such a conduction block is shown in Text-fig. 9B. The peak of the 


distribution is at about 1-4 msec. The mean, however, is 1-57 msec with — 


standard deviation of +03 msec. 
If the spike of the axon hillock can be detected by a microelectrode in the 


41-2 


— 


Tia 
e 
= 
Ke 
of 
a 
Ps 
| 
2 
j 
? 
« 
a 
= 
| 


K. FRANK AND M. G. F. FUORTES 
A B 


70 
60 


50 


30 
20 
10 


4 5 6 7 8 
msec 


Text-fig. 13. Antidromic conduction block in motoneurones. Electrodes inserted in the cord 


may pick up two types of responses to pairs of ventral root shocks. In unit of column A the 
response to the second of a pair of shocks suddenly drops to 30-40% when the shock interval 
is reduced below a critical stimulus interval (about 10 msec in this case). Conduction block 
must occur near microelectrode since blocked impulse is visible there. Unit of column B 
shows instead a smooth decrease in height of second response as the stimulus interval is 
decreased. Calibration: 50 mV. Time in both columns: 1 msec. (Note different sweep speed 
in A and B.) Only units like that of column B are found when the electrode is inserted in 
ventral roots. They have shorter duration spikes than those of column A for either ortho- or 
antidromic excitation. C, height of second response plotted as function of interval between 
two ventral root shocks for two different units. Open circles, type A unit; solid circles, 
type B unit. Increase in critical stimulus interval for type A unit occurred with lapse of 
time and is interpreted as a loss in safety factor for conduction. 
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detected by an electrode inserted in the region of the hillock. In the experiment 
illustrated in Text-fig. 14, the spikes recorded following two ventral root 
stimuli presented an inflexion in the falling phase which disappeared from 
the second spike if the stimulus interval was less than 3 or 4 msec. The late 
hump in this spike can be considered to be the reflexion of the firing of the 
motoneurone soma, and its disappearance would reveal that conduction is 
blocked at the axon hillock. In a few cases when this type of response was 
observed, the spike duration in the absence of the late hump was about 
1-0 msec. This appears to be in agreement with Lloyd’s (1951a, 6) conclusion 
that the spike of the non-medullated segment has longer duration than that 
of the medullated part of motoneurone axons. 


Text-fig. 14. Evidence of antidromic conduction block. Microelectrode is presumed to be in 
motoneurone, just distal to soma. At critical stimulus interval hump on falling phase of 
second response disappears. Interpretation in text. Calibration: 50 mV. Time: 1 msec. 


The critical stimulus interval is considerably shorter for orthodromic than 
for antidromic conditioning (Text-fig. 15). Since impulses of antidromic origin 
are followed by long-lasting hyperpolarization, while impulses evoked by 
orthodromic stimulation are not, it is likely that the soma hyperpolarization 
contributes to maintaining the block of antidromic conduction as suggested 
by Brock et al. (1953, p. 432). The results obtained by Takeuchi & Tasaki 
(1942) on medullated nerve fibres offer adequate basis for interpreting this, by 
showing that the safety factor of conduction is decreased by currents flowing 
inside the axis cylinder in the direction of propagation. 

Facilitation of antidromic invasion following orthodromic excitation was 
_ also demonstrated by a slightly different experiment. Two ventral root stimuli 
were so timed that the impulse evoked by the second stimulus regularly failed 
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to invade the motoneurone soma. When appropriate sensory stimulation was 
applied, the second impulse consistently invaded the soma. Relations between 
this orthodromic facilitation and soma depolarization (postulated by Brooks & 
Eccles, 1948; Brock et al. 1953), and between the hyperpolarization following 
antidromic invasion and inhibition of the motoneurone, will be discussed in 
a later paper. | 


A B iG 


Text-fig. 15. Effect of orthodromic firing on antidromic conduction block in a motoneurone. 

A, ventral root stimulus; B and C, dorsal root stimulus; D, two ventral root shocks at less 

than critical stimulus interval; E, through H, dorsal then ventral root shocks showing that 

critical stimulus interval is shorter following ortho- than following antidromic excitation. 
Calibration: 50 mV. Time: 1 msec. | 


Potentials recorded from other somata and axons 

Identification of interneurones. Interneurones can be defined as post- 
synaptic spinal cord units which do not send their axons to ventral roots. 

In order to establish the post-synaptic nature of a unit, it is not sufficient 
to show that its response to orthodromic stimulation is delayed by a period 
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longer than the expected conduction time, since delayed responses to ortho- 


dromic stimulation can occur in primary fibres (dorsal root reflexes). _Know- 
ledge of the properties of dorsal root reflexes is necessary in order to distinguish 
these from post-synaptic responses. As mentioned before, dorsal root reflexes 
never have central times shorter than 2-5 msec and do not present more than 
four impulses (Frank, 1953). Discharges with central times of less than 
2:5 msec but longer than conduction time, or responses consisting of more than 
four impulses, can therefore be considered to arise from post-synaptic elements. 
Moreover, dorsal root reflexes are unchanged during slow frequency repetitive 
stimulation and decrease during stimulation at higher frequency (Frank & 
Fuortes, unpublished), but never show progressive increase (build-up). 
Build-up is therefore a useful criterion for identification of a discharge as 
post-synaptic. 

Since some interneurones are known to respond to ventral root stimulation 
(Renshaw, 1946; Eccles et al. 1954) the properties of the response of a unit to 


ventral root stimuli have to be analysed before defining it as a motoneurone. 


The definition of a motoneurone given above (p. 643) requires that the response 
to a single ventral root shock consists of a discharge of a single impulse after 
not more than 0-2 msec. Units not responding at all to ventral root stimuli, 
or units responding in a different manner were accepted as interneurones if 
their post-synaptic nature was otherwise established. 7 

Elements defined as interneurones were often penetrated in locations other 


_ than the anterior horns and frequently presented modes of activity different 


from those of known motoneurones, These will be described in a following 
paper. 

Duration. of spikes from interneurones. Charts showing the distribution of 
impulse duration in known fibres and in presumed motoneurone somata have 
already been presented (Text-fig. 9A, B). Text-fig. 9C shows the distribution 
of impulse duration recorded from interneurones and presented without 
selection, other than that already described. The curve appears to be made up 
of many short duration spikes like those seen from known fibres plus fewer 
long duration spikes like those recorded from presumed motoneurone somata. 
It would appear reasonable to make the assumption that the short duration 
spikes in the cord are from axons, while the long duration spikes are from cell 
bodies. Text-fig. 16 illustrates typical spikes recorded from interneurones. The 
spike of Text-fig. 16A (presumably recorded from a soma) lasts about 1 msec 
and is preceded by a slow potential similar to those recorded by Brock et al. 
(1952) from motoneurones, whereas the spike of Text-fig. 16B (presumably 
from an axon) rises abruptly and lasts only about 0-3 msec. 
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Text-fig. 16. Action potentials from two interneurones. A, spike duration about 1 msec after 
pre-spike potential, presumably a soma response. B, spike duration about 0-3 msec with 
no pre-spike potential, presumably from an axon. Brief post-spike hyperpolarization is a 
frequent but not a constant finding. Calibration: 50 mV. Time: 1 msec. 


Strychnine potentials — 

Although this paper is not intended to describe in full discharges recorded 
from spinal cord elements under strychnine poisoning, mention of some of 
their features will be made with the purpose of illustrating the different 
behaviour of the two classes of units interpreted as cell bodies and axons 
respectively. When the microelectrode is inserted in the spinal cord of a 
strychninized preparation, some of the penetrated units present discharges 
such as that illustrated in Text-fig. 17 A, consisting of very large slow potentials 
(up to 40 mV) with superimposed long-lasting spikes, Other units in the spinal 
cord present similar impulse organization, but much smaller underlying slow 
potentials. These later units discharge spikes of shorter duration (Text- 
fig. 17B). The two types of discharges are found in both inter- and moto- 
neurones. When the electrode is inserted in the ventral root fibres rather than 
in elements of the cord, only negligibly small slow potentials are recorded. It 
appears from these results that strychnine emphasizes the distinction between 
a group of spinal cord elements discharging long duration spikes with slow 
potentials, and a second group discharging spikes of short duration and small 
or no slow potentials. Since elements of this second group only are found in 
ventral root fibres, the results are consistent with the assumption mentioned 


above that potentials of the first type are recorded from cell bodies and 
potentials of the second type from axons. 
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Text-fig. 17. Responses from two motoneurones during strychnine convulsion. Long duration 
spikes rise from large slow potential in A. Unit is presumably a soma. In B spikes have 
shorter duration and slow potentials are negligible. This unit is presumably an axon. 
Fractions of the moving film records are displayed also on sweeps for better time resolution. 
Calibrations: 50 mV, tall bar for vertical spikes and short bar for horizontal spikes. Time: 
1 sec between sweeps for moving film records. ; 


DISCUSSION 


The variability of the results obtained has been described in this paper in 
order to emphasize the limitations of the method and to clarify the assumptions 
needed to restore consistency. 

Since the potentials recorded varied extensively in size and time course, and 
since slow potentials accompanied the spike discharges in some instances but 
not in others, some sort of classification is required for interpretation of the 
results, 

The aim of the present paper is to show that a reasonable consistency can be 
obtained classifying the recorded potentials in three groups: from damaged 
elements; from axons; and from somata or dendrites. The conclusion has been 
reached that damaged elements present small spikes and membrane potentials, 
axons present spikes of short duration and small, if any, slow potentials, and _. 
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somata present apikes usually acvompanied by slow 


potentials. 
Woodbury & Patton (1952) made a somewhat different classification of 


responses picked up with microelectrodes from the spinal cord on the basis of 


responses to ventral or dorsal root stimuli without attempting to distinguish 
between responses from different parts of neurones. J udging by the results of 
the present research their type 1 units are probably primary afferent fibres; 
their type 2 units are either interneurone axons or somata, or primary Eierents 
showing dorsal root reflexes; their type 3 units are cured motoneurone somata 
or axons, 

Tasaki et al. (1954) . made a similar attempt to classify microelectrode 
potentials from the cat geniculate and striate cortex. These authors begin with 
the assumption that an intracellular electrode, ‘. . .injures the cell seriously’. 
Extracellular recording gives instead, ‘. undistorted pictures 
of the function of the nerve fibres, cell bodies and dendrites in the central 
nervous system’, Despite this difference in approach the values they report 
for the duration of action potentials from axons and somata are only slightly 


larger than those presented here. However, in this research no third group of 


potentials was seen which could be interpreted as the intracellular counterpart 
of the long-lasting dendritic potentials reported by these authors and by 
Clare & Bishop (1955). Possible explanations for this difference are that micro- 
electrodes cannot successfully penetrate dendrites and record their trans- 
membrane action potentials, or that the action potentials of dendrites in ge 
cord cannot be distinguished from those of axons or somata. 

In this research a unit was considered to have been seriously damaged when 
the potentials recorded from it decreased rapidly, when the spike was ab- 
normally long and presented an exponentially falling phase, and when its 
response pattern differed from that obtained without microelectrode insertion. 
Minor damage cannot be recognized, and the degree of abnormality due 
to insertion of the microelectrode can only be postulated in a number of 
The assumption that small spikes are recorded from damaged structures 
seems to be contradicted by the observation that elements producing small 
spikes may respond to orthodromic stimulation with normally organized 
patterns of impulses. However, once the assumption that cell bodies only can 
be penetrated is abandoned, this finding can be easily explained, since it may 
be thought that damage has occurred at the place of recording (axon) without 
involving the structures responsible for generation of the response (soma or 
dendrites). 

A surprising feature of records from root fibres was the absence of slow 
potentials comparable to the dorsal and ventral root potentials of conventional 
recording. It may be that: (1) dorsal and ventral root potentials are conducted 
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only in root fibres which cannot be penetrated by the microelectrode; (2) the 
microelectrode selectively destroys the properties of the fibre membrane which 
are necessary for conduction of slow potentials; (3) the major portions of root 
slow potentials as recorded with external leads do not reflect potential changes 
of the fibre membranes but are conducted extracellularly. No conclusive 
consideration could be found to support or refute any one of the proposed 
interpretations. Whatever causes failure to record slow potentials from root 
fibres is probably responsible also for the absence of slow potentials in axons 
of motoneurones. 

Among the slow potentials in the spinal cord the depolarization occurring 
in a post-synaptic unit following impingement of impulses and prior to its 
firing is of particular interest. This slow potential has been referred to as 
‘ventral root potential’ by Barron & Matthews (19382), ‘synaptic potential’ 
by Eccles (1946) and ‘excitatory post-synaptic potential’ by Brock et al. 
(1952). Its detection has led to the theory that local depolarization is a 
necessary step between pre-synaptic bombardment and post-synaptic firing. 
- The finding that this depolarization could be recorded in only a few of the 
post-synaptic units penetrated in this research contradicts the mentioned 
theory unless one accepts the assumptions proposed so far: (1) that short spikes 
are recorded from axons only; and (2) that slow potentials are not recorded 
- from axons. Detailed data on the correlations between spike duration and slow 
potentials will be furnished in a future article. In this paper, two types of 
strychnine discharges have been described as a remarkable example of 
the different size of the slow potential recorded when the electrode was 
inserted in elements belonging to one or the other of the above-mentioned 
groups. 

The finding that axons in dorsal and ventral roots produce spikes of short 
duration, and motoneurone somata spikes of long duration, does not neces- 
sarily mean that all axons must present short- and all somata long-lasting 
spikes. However, until exceptions can be demonstrated it is perhaps best to 
assume that an unknown neural element is identified as soma or axon by the 
duration of its spike. It has just been mentioned that classification of structures 
based on this assumption has been useful in explaining the absence of synaptic 
potentials in some spinal cord elements. | 

The conclusion of this discussion is that a great deal of the variability of 
results obtained in the present study was, very probably, due to the fact that 
both somata and fibres were penetrated, and that these two types of structures 
differ in several of their properties. Accepting the criteria outlined for identi- 
fication of cell bodies and axons, it must be concluded that the majority of 
the units penetrated in this study were axons. In contrast with this, other 
authors have found that microelectrodes record potentials almost exclusively 
from somata. This contradiction may be due to some minor difference in the 
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techniques employed, and possibly could be simply explained by difference of 
construction of the micropipette. 

If the assumptions discussed so far are accepted, the results obtained are not 
in conflict with previously established theories on synaptic excitation. 


SUMMARY 

1. A method for inserting microelectrodes in elements of the spinal cord is 
described. 

2. Despite all precautions, damage to the penetrated elements frequently 
occurs. Potentials or patterns of discharge obtained a short time before 
death of the unit are considered to originate in damaged elements. These 
include (1) small membrane and spike potentials; (2) small spikes presenting 
abnormally long duration and exponential course of the falling phase; 
(3) high-frequency discharges occurring on penetration (injury discharges). 
Transient repetitive firing evoked by penetration in the absence of signs of 
drastic damage is considered to reveal that the microelectrode may produce 
only minor alterations of the properties of the penetrated elements. 

3. Penetrated units are considered to be essentially normal when the 
potentials they produce maintain similar values and time courses for a long 
time, and when the patterns of their firing are similar to those which can be 
recorded by means of external electrodes. These include (with few exceptions) 
spikes and membrane potentials of larger values, and spikes presenting a time 
course such as is illustrated in Text-figs. 13-16. 

4. Spikes recorded from primary sensory fibres, either in the roots or in the 
cord, are always of short duration and are accompanied by negligibly small 
slow potentials. In particular, dorsal root potentials are not recorded by 
microelectrodes inserted in dorsal root fibres. 

5. Dorsal root reflexes can be recorded with ssioroslacinotiite Following 
single volley impingement, they consist of discharge of one to four impulses. 
The minimum central latency of dorsal root reflexes is controlled by strength 
of stimulation and varies between 2-5 and about 15 msec. 

6. Spikes recorded from structures of motoneurones located in the cord 
divide into two groups according to duration, distributed around durations of 
0-6 + 0-2 msec or 1:5+0-3 msec. Only long-duration spikes are accompanied 
by slow potentials. Responses ascribable to block of antidromic invasion of 
the motoneurone soma are observed only when the electrode penetrates 
elements producing long-lasting spikes. 

7. Criteria for identification of interneurones are outlined. Spikes recorded 
from interneurones also divide into two groups according to duration. These 
two groups coincide approximately with those of recognized axons and of 


motoneurone somata. Also in interneurones, slow  taaaigt are associated 
with longer-lasting spikes only. 
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_ 8. Strychnine discharges recorded from elements producing spikes of long 
duration originate from slow potential oscillations of great amplitude. These 
slow potentials are, instead, quite small in elements producing short-lasting 
spikes. 

9. On the basis of these data, it is suggested that axons, both in the roots 
and inside the cord, produce short-lasting spikes unaccompanied by slow 
potentials, and somata or dendrites generate spikes of long duration accom- 
panied by slow potentials. 


The authors are deeply indebted to Mrs Mary C. Becker, withuut whose devoted efforts in 
every phase of the performance of these experiments this paper would not have been possible. 
Thanks are also due to Dr Ichiji Tasaki for his encouragement and frequent valuable discussions. 
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EXPLANATION OF PLATE 
Fig. 1. Section of a cat’s spinal cord at L6. Thionin stain to show cell bodies. The black lines 
show direction of electrode penetrations used in most experiments. 


Fig. 2. Methylene-blue stain of unfixed spinal cord showing KCl-filled microelectrode penetrating 
a motoneurone. The microelectrode disappears in the tissue a few » below the motoneurone 


but presence of the tip inside the motoneurone could be observed by aayarng the focus of 
the microscope. 


Note added in proof. After this paper went to press an article by del 
Castillo, J. & Katz, B. (J. Physiol. 128, 396-411) has appeared, in which 
it is reported that KCl-filled micropipettes can show sudden changes in 
junctional potential due to clogging. Since evidence of clogging (increased 


possible that such artifacts may account in part for exceptionally large 
membrane potentials (see Text-fig. 7) and for the sudden jumps in potential 
not associated with spike activity which are mentioned on pp. 631 and 632. 
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THE ABSORPTION OF WATER AND OF SOME SMALL 
SOLUTE MOLECULES FROM THE ISOLATED 
SMALL INTESTINE OF THE RAT 


By R. B. FISHER 
From the Department of Biochemistry, University of Oxford 


(Received 2 June 1955) 


Wells (1931) showed that the rate of absorption of water from the small 
intestine of the dog was dependent on the distension pressure. This observa- 
tion has formed the basis of a view that water absorption is determined by 
hydrostatic and osmotic factors. The ability of the intestine to absorb the 
animal’s own serum or an isotonic salt solution requires on this view that the 
absorption of water should be secondary to the absorption of the protein and 
salts. 

The surviving small intestine preparation of Fisher & Parsons (1949) pro- 
- vides means of obtaining further evidence of the nature of water absorption, 
since osmotic conditions on the two sides of the mucosa can be varied at will, 
and a useful range of distension pressures can be employed. This paper 
describes the effects of alteration of distension pressure, osmotic pressure and 
other factors on the absorption of water and of urea, creatine and sorbitol. 

In the original work of Wells, in which very low distension pressures were 
used, some part, if not all, of the effect of distension might be expected to 
arise from the separation of mucosal folds with increasing pressure: mucosal 
epithelium occluded by folding cannot participate in absorptive activity. In 
the present work, therefore, the lowest distension pressure used has been one 
known, from microscopic examination of preparations fixed during distension, 
to separate all mucosal folds. 
A preliminary account of some of this work has appeared i in the Proceedings 

of the Physiological Society (Fisher, 1954). 


METHODS 
Setting up and management of the surviving intestine 
The setting up of the preparation differed only in small details from the description of Fisher & 
_. Parsons (1949). The whole small intestine from the duodenal-jejunal junction to the ileo-caecal 
_ valve was set up on one circulation unit. The length of such a segment is about 100 cm. All 
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experiments reported were on such segments and each lasted for 1 hr. One observation was made 
on each segment. 

For the measurement of water and solute absorption two methods were used. In the majority 
of experiments approximately 75 ml. of Krebs’s bicarbonate medium was placed in the inner 
circuit of each unit. The outer circuit contained approximately 50 ml. of Krebs’s medium. As 
soon as the intestine was set up, a measured volume of Krebs’s medium containing a known 
concentration of urea, creatine or sorbitol was added to the inner circuit contents circulating 
through the lumen, and well mixed with them over a period of about 2 min. A sample of known 
volume was then withdrawn. Absorption was allowed to proceed for 1 hr, a second sample of 
known volume was withdrawn and the remaining fluid in the inner circuit was washed out quanti- 
tatively. The initial and final concentrations and the inner circuit content of the solute used as 
a volume ‘indicator’ were measured. The change in water and solute content of the inner fluid 
could be obtained directly from these data. 

In a few experiments an exactly measured volume of medium was placed in the inner circuit, 
and the residue collected by drainage at the end of the experiment. 


Analytical procedures 

Urea was estimated by hydrolysis with urease and determination of the ammonia after steam 
distillation from sodium borate buffer. As the intestinal contents often contain sufficient urease 
activity to cause appreciable hydrolysis of the urea in samples before the analysis could be carried 
out, the total ammonia content of samples after urease hydrolysis was taken as a measure of the 
urea present. 

Creatine was estimated by the diacetyl procedure of Ennor & Stocken (1948). 

Sorbitol was estimated by titrating the acid liberated on oxidation by sodium metaperiodate. 
The procedure was the same in principle as that described by Fisher & Lindsay (1955) but 
0-3 m-metaperiodate was used instead of 0-03 m, and the titration was performed with n/20-NaOH. 
Glucose was removed by yeast fermentation before the estimation. 


RESULTS 


Glucose concentration and distension pressure as factors determining 
water absorption 

Since it had been observed in earlier unpublished work that the presence of 
glucose in the fluid circulating through the lumen of the surviving small 
intestine made a considerable difference to the rate of diminution of volume 
of this fluid, a series of experiments was made to study the effects of glucose 
concentration and of distension on water absorption. Half the experiments 
were made with 500 mg/100 ml. of glucose in the inner fluid, and half with no 
glucose. In all experiments there was 500 mg/100 ml. of glucose in the outer 
fluid. Half the experiments in each set were made at 20cm H,0 distension 
pressure and half at 45 cm. The lower pressure was chosen as the least pressure 
which could safely be supposed to expose all the mucosa. The higher pressure 
was the highest afforded by the circulation units. The results of the experi- 
ments are presented in Table 1. . 

These experiments were performed on male rats, and the volume indicator 
was urea in all instances. Although the mean rate of water absorption at the 
higher distension pressure is greater than that at the lower pressure, whether 
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or no there was glucose in the inner fluid, the mean of all rates at high dis- 
tension differs from the mean of all the rates at low distension by little more 
than the standard error of the difference. Further, in the absence of glucose 
the rate of water absorption is not significantly different from zero at either 
distension pressure. 


TaBLe I, The effects of change in distension pressure and of the presence of glucose in the 
inner fluid on the rate of water absorption from the isolated rat small intestine 


Distension Mean rate of water absorption (jl./om/hr) 
pressure r A 
(em H,O) _ Glucose present Glucose absent Mean 
20 159+ 43 (4) 12441 (4) 73 +30 (8) 
45 213442 (6) 26 + 36 (6) 119+ 28 (12) 
| Mean _ 101481 (10) 11428 (10) 
Differences 1804-41 (20) 464.42 (20) 


All animals were adult males. Outer fluid contained 500 mg/100 ml. glucose in all experiments. 


The same glucose concentration was used in inner fluid in experiments labelled ‘glucose present’. 


_ Taste 2. The effect of glucose on rate of water absorption from the isolated intestine in the 


presence of different ‘volume indicators’. Distension pressure, 45cm H,O. Other experi- 
mental conditions as in Table 1 


Volume indicator Water absorption (l./cm/hr) 
‘Cone, Osmotic "Glucose Glucose 
(mM) effect (om H,O) present absent 
Urea 20 56 2134.42 (6 26 + 36 (6) 
Creatine 0-4 - 3 178 +36 (4 6 +22 (3) 
Sorbitol 55 810 190+ 18 (4) 20+ 22 (4) 


The effect of glucose on water absorption at 45 cm H,O distension pressure 
was also measured using creatine and sorbitol as volume indicators. These 
measurements, together with the corresponding ones from Table 1, are shown 


in Table 2. 


This table also gives the approximate concentrations in which the volume 
indicators were present in the inner fluid, and their ‘osmotic effects’ which 
depend on their concentrations and on the extent to which they are retained 
in the lumen. These osmotic effects are referred to more fully in the discussion. 

The results with the different volume indicators are sufficiently similar to 


indicate that the effect of glucose on water absorption by this particular 


- intestinal preparation is not dependent on any peculiar properties of the 


foreign substances introduced as volume indicators. The results also confirm 


_ that the rate of water absorption is extremely small in the absence of glucose. 


expressing the amount of volume indicator absorbed as a percentage of the 


Absorption of urea, creatine and sorbitol 
The data used to estimate water absorption also give estimates of rate of 
absorption of the volume indicator. These estimates are best presented by 
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amount present in the inner fluid at the beginning of the experiment and 
relating this to the percentage of the original volume of water which i is absorbed 
in the same time. The results are shown in Table 3. 


It:is seen that the presence of glucose in the inner fluid encourages the — 


absorption of solute in parallel with that of water. Except perhaps in the 
instance of urea, there is negligible absorption of solute in the absence of 
glucose. It is possible that the urea results are influenced by partial decomposi- 
tion of urea by remnants of food urease, and that some of the urea is absorbed 
as ammonia. | 


TasiE 3. The relation between the rate of absorption of water and that of urea, creatine and 
sorbitol in the presence and absence of glucose in the inner fluid. Data from the experiments 


of Table 2. - Percentages of water and solute absorbed 
"Glucose present Glucose absent 
Water Solute | | Water Solute 
Solute (W) (8) 100 (S/W) (W) (8) 
Urea 20:1 18-0 90+ 10 (8) 2-4 6-5 
Creatine 21-7 14-6 67+ 3 (4) -1-6 0-2 
Sorbitol 29-3 10-9 36+ 6 (4) 2:7 


The ratio 100S/W, where S is percentage of solute absorbed and W is the 
percentage water absorbed, gives the concentration of the solute solution 
absorbed as a percentage of the concentration of the solution in the intestinal 
lumen. The magnitude of this ratio falls with increasing ~nesteneed weight of 
the solute. 

A few observations have been made at concentrations other than those need 
ordinarily (i.e. those shown in Table 2), Two experiments with 11 mm-sorbitol, 
instead of 55 mm, gave a mean value of 100S/W of 36, identical with that found 
for the higher concentration, and four experiments with 5 mm-urea instead of 
20 mM gave a value of 100+ 18 compared with 90 + 10. 


The osmotic changes during water absorption 

“<Although the change in distension pressure which has been studied is with- 
out significant effect on water absorption, the experiments cited do not rule 
out the possibility that water absorption may be the passive resultant of 
combined osmotic and hydrostatic pressure differences across the mucosal 
epithelium. Since 100 mg/100 ml. of glucose exerts an osmotic pressure of 
approximately 125 cm H,0, and since the final glucose concentration difference 
between inner and outer fluids may be over 200 mg/100 ml, at the end of an 
hour (Fisher & Parsons, 1950, and Table 5 of this paper) it is possible that 
osmotic pressure differences could be set up by the process of active glucose 


absorption which were much —_— than the practicable range of hydrostatic 
pressure differences. 
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Experiments have therefore been made in which freezing-point depressions 
have been measured on inner and outer fluids at the beginning and end of 
60 min absorption periods. Some of these experiments have been made with 
600 mg/100 ml. of glucose in both inner and outer fluids initially, and some 
with no glucose initially in the outer fluid. The results are given in Table 4. 
These experiments were made on female rats. 

There is no significant difference in osmotic pressure between inner and outer 
fluids at either end of the period of absorption when both fluids initially con- 
tain glucose, but when there is no glucose initially in the outer fluid the initial 
osmotic pressure difference (which is strongly adverse to water transfer out of 
the intestine) is diminished somewhat in size but not altered in sense by the 
end of the hour. The water and glucose absorption rates are very similar in — 
two sets of experiments. 


TaBuE 4. Freezing-point depressions during absorption from inner fluid containing 
500 mg/100 mi, glucose. Four experiments in each series: adult female rats 


Freezing-point depressions (thousandths of a degree) 
Mean rates of absorption , A 
Glucose conc. + Initially _ After 60 min 
in outer fluid Water Glucose A 
(mg/100 ml.) (yl./em/hr) (mg/cm/hr) Inner Outer Diff. Inner Outer Diff. 
500 229+23  252+0-13 626 623 34+5 619 #618 1+4 
nil 2138+12 2324013 606 551 5618 599 563 #3647 


Tasix 5. The changes in glucose concentrations in the experiments of Table 4, together with their 
osmotic equivalents and comparison of the latter with osmotic pressure changes calculated 
from the freezing-point depressions 


Osmotic pressure differences : 
Mean glucose concentrations (inner - outer) : cm H,O 
(mg/100 ml.) 
A— from glucose from freezing- 
Glucose initially (Inner— _ concentration point 
in outer fluid Inner Outer outer) differences § measurements 
Present Initial 465 488 — 23 - 30 4d 
60 min 257 536 ~ 279 — 359 9 
Change — 329 35 
Absent Initial 480 — 480 617 694 
60 min 241 200 41 53 447 
Change — — — — 564 — 247 


The osmotic pressure differences of Table 4 are given in the last column of 
Table 5 in terms of cm H,O. These figures make it apparent that water 
absorption can continue unaffected by an adverse osmotic pressure gradient 
which is enormously greater than any favourable hydrostatic pressure gradient 
which could be set up across the mucosal epithelium in any circumstances. 

The observed osmotic pressure changes are not solely dependent on changes 


__ in glucose concentration. Table 5 gives the observed glucose concentrations at 


the beginning and end of the period of absorption, and the osmotic equivalents 


_ of the concentration differences. It is seen that the movement of glucose out 
_ of the intestine might be expected to diminish the osmotic force holding water 
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in the lumen by 329 and 564 cm H,O respectively in the two series of experi- 


ments, with and without outer fluid glucose, whereas the observed diminutions 
are only 35 and 247 cm H,O respectively. Thus the observed changes are 
294 and 317 cm H,O less than expected on the basis of glucose movement, 
indicating that other active osmotic changes are taking place to more or less 
the same extent in the two series of experiments. 


The relation between glucose absorption and water absorption 
Since the observed dependence of water absorption on glucose absorption 
might signify that the water absorption was an integral part of the process of 
glucose absorption, experiments have been made in which the glucose con- 
centration in the lumen was reduced to 100 mg/100 ml., and additions of known 
volumes of medium containing glucose in this concentration were made at 


15 min intervals. In this way it proved possible to reduce the mean rate of — 


glucose absorption over hour periods to 1-08 + 0-09 mg/cm/hr in six experi- 
ments, whilst maintaining glucose absorption throughout the period. The 
mean rate of water absorption was 254 + 26 ul./em/hr. These experiments were 
made on female rats, so that these figures are to be compared with those of 
Table 4. This procedure reduces glucose absorption to about 40% of the figure 
in Table 4, but the water absorption rate is not diminished. 

An attempt was made to supply the metabolic requirements of the mucosa 
by adding 2 g/100 ml. of glucoso to the outer fluid, omitting glucose from the 
inner fluid. In these experiments there was no measurable water absorption. 
There was enough glucose to cause a 2500 cm H,O osmotic pressure difference 
between inner and outer fluids, in favour of water transfer. 

Smyth & Taylor (1955) have recently shown that very small concentrations 
of phlorizhin inhibit water absorption from surviving intestine. Experiments 
were made to determine whether there was any dissociation between the effect 
of phlorizhin on water absorption and its effect on glucose absorption. These 
experiments were made on male rats by introducing an exact volume into the 
inner circuit and measuring the volume and glucose content of the fluid 
drained out after an hour. The results are given in Table 6. It is obvious that 
there is a close parallelism between glucose and water absorption rates. 


TaBLE 6. Effect of phlorizhin on absorption from the intestine of glucose and water. 


| Experiments on female rats. 

Phlorizhin Glucose Water 

i concentration absorption absorption 
(mg/100 ml.) (mg/cm/hr) (ul./cm/hr) 
' 0 2-52 194 

0 2-34 177 

: 0 2-25 175 

i 3 1-12 66 

‘ 3 0-93 52 
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DISCUSSION 
These experiments show that simple diffusion and filtration do not account 
for the absorption of water, urea, creatine and sorbitol from the lumen of the 
surviving small intestine of the rat. The absorption of water is an active 
process, continuing unabated against an adverse osmotic pressure difference 
of 400-700 em H,0, and this active process, though dependent on glucose 
absorption, is not at all closely dependent on its rate. 


The nature of the effect of glucose on water absorption 

It has been shown (Fisher & Parsons, 1953) that the relation between 
glucose concentration in the lumen and the rate of glucose disappearance 
strongly suggests that a single process is responsible, although the intestine 
treats glucose presented to the lumen surface of the mucosa in two different 
ways: it transfers some glucose from inner to outer fluid and it metabolizes 
some. The single process resulting in loss of glucose from the lumen must be 
that of transference, and it has to be supposed that the majority of the 
epithelial cells, not being engaged in this transference, are not readily perme- 
able to glucose at their free borders. A consequence of this is that supply of 
glucose to the basal ends of these cells (which are the portals of entry of 


- nutrients in the intact animal) will be far more plentiful in the isolated 


intestine preparation when glucose is being absorbed from the lumen, and is 
being actively injected into the tissue spaces, than when it must diffuse across 
the whole thickness of the intestinal tissues from the outer fluid in order to 
_ supply the mucosa. 

This explanation is supported by the experiments with reduced glucose 
concentration in the lumen. Any more immediate relation between glucose 
absorption and water absorption would be difficult to reconcile with the 
observation that the rate of glucose absorption can be cut to 40% without 
affecting the rate of water absorption. 

The failure to support glucose absorption by supply of glucose in high 
concentration from the outer fluid is not a serious bar to acceptance of this 
conclusion. It need not mean more than that the difficulties of diffusion across 
the submucosal tissues are too great to permit of adequate supply by this route. 

The phlorizhin experiments are also inconclusive. If this substance inhibits 
the catabolism of glucose, and so limits the energy supply of the mucosal 
epithelial cells, it might be expected to inhibit all cellular secretory activities. 
Only if water absorption and glucose absorption happened to be mediated 
by different types of cell with very different susceptibilities to phlorizhin 
could these experiments have yielded useful evidence. 
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The relation of water absorption to osmotic pressure differences _ 


The evidence presented in this paper that water absorption is not reduced by : 


large osmotic pressure differences or increased by large favourable ones does 
not mean that osmotic effects on water absorption are not possible, but merely 
that they are only produced by very large deviations from normal osmotic 
relations. G. J. R. McHardy & D. 8. Parsons (personal communication) have 
shown that, when fluid perfused through the lumen of the rat intestine in situ 
contains half-isotonic mannitol, water absorption is almost completely in- 
hibited. This concentration of mannitol will exert an osmotic pressure of about 


3600 cm H,O, and if mannitol behaves like sorbitol it will have an ‘osmotic 


effect’ equivalent to about two-thirds of this, i.e. about 2400 cm H,0. The 
osmotic effect is computed on the basis that since the concentration of sorbitol 
in the solution absorbed is about one-third the concentration in the lumen, the 
sorbitol behaves as if two-thirds of it were incapable of leaving the lumen. 
Reference to Table 2 shows that the osmotic effect of mannitol in McHardy & 
Parsons’s experiments is probably three times as great as the highest in any of 
the present experiments. 

The experiments made with no glucose in the inner fluid and 2% glucose in 
the outer fluid, in which the glucose is exerting an osmotic pressure of 
2500 cm H,0 in the direction favourable to water absorption, showed no effect 
of the glucose on water absorption. It seems likely then that the effects of 
high osmotic pressure are indirect. They can slow water absorption by in- 
creasing the work required to translocate unit mass of water, but they cannot 
increase water absorption by exerting an osmotic pull. Presumably the trans- 
fering cells are already working nearly maximally. 


The absorption of solute molecules 

The absence of absorption of urea, creatine and sorbitol in the absence of 
water absorption indicates that no specific mechanisms exist for the absorption 
of these substances, and also suggests that diffusion across the mucosal 
epithelium must occur with difficulty—a suggestion in accord with the 
demonstrated lack of dependence of water absorption on hydrostatic and 
osmotic factors. The absorption of these solutes, when water is being absorbed, 
at rates proportional to their concentrations in the lumen suggests that they 
are somehow entrained in the stream of absorbed water. 

Any active water absorption mechanism which depended on actively reducing 
the water concentration inside the cell at that pole at which water is taken up 
would necessarily and non-specifically raise the concentration of intracellular 
solutes in the same region. It would be expected that a diffusion gradient of 
solutes would be set up in the direction opposite to that in which the water 
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tended to move. It is difficult to see how such a mechanism could cause 
solutes to move in the same direction as water. 

. No satisfactory solution to this difficulty exists, but two suggestions cs can be 
made. If it were possible to show that the canaliculi believed to occur in the 
brush borders of the mucosal epithelial cells possessed mechanical pumping 
powers, then it might be possible to envisage them as pumping lumen fluid 
through molecular sieves into the cells. Provided that the pumps were inter- 
mittent, such a mechanism would account for the apparently non-specific 


. - entrainment of small molecules in the water stream and for the fall in relative 


concentration of the solute in the fluid absorbed as the molecular weight of the 


golute rises. 


The other possible mechanism is that suggested by Goldacre (1952), inter 
alia, namely that a reversible denaturation of protein occurs in the absorbing 
cells, at the pole at which water and solutes enter, and that this denatured 

_ protein has a far greater capacity to combine with water and other molecules 
_ than the native protem. If the volume changes consequent on denaturation 
set up protoplasmic streaming the denatured protein will be carried to the 
other pole of the cell where renaturation is conceived to take place with release 
of the water and solutes transported. The establishment of this hypothesis 
would require the demonstration of protoplasmic streaming in mucosal epi- 
thelium cells, and one would also expect that the relative rates at which 
different solutes were transported would be more dependent on chemical 
peculiarities than on molecular size. This last point is not a strong objection, 
since the present data are inadequate to establish the dependence on molecular 
size at all firmly. 

Whatever the basis for the coupled absorption of water and small solute 


_ molecules, it has an interest of its own. In view of the difficulty with which 


diffusion out of the intestinal lumen takes place, some such process as this 
coupled absorption must be the basis of the absorption of the majority of 
drugs and of many small molecules of natural origin to be found in foodstuffs, 
and it may be supposed that physiological and pathological factors which 
affect water absorption will affect equally the absorption of this large class of 
solutes. 
Sex differences in intestinal absorption 

A curious by-product of this work is the observation that the rate of 
absorption of water and of glucose per cm length is markedly greater in female 
than in male rats. The mean water absorption rate of fourteen female rats was 
236 ul./em/hr and that of eighteen males was 188. The mean glucose absorption 
of eight females was 2-42 mg/cm/hr and Fisher & Parsons (1950, 1953) have 
previously reported figures for males of 1-8-1-9. The difference is not due to 
difference in intestinal dimensions: in a large series of observations it has been 
found that the mean length of the whole small intestine in the rat is about 10% 
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longer in the female than in the male. Thus the absolute capacity of the smal! 
intestine to absorb water and glucose is about 40% greater in the female than 
in the male. This does not mean that rates of absorption im vivo will be in these 
proportions. These figures refer to conditions in which the whole of the mucosa 
is constantly exposed to the solution to be absorbed, and this cannot happen 


SUMMARY 

1. No absorption of water occurs from the surviving small intestine of the 
rat even under 45 cm H,O distension pressure unless the fluid in the lumen 
contains glucose. 

2. Urea, creatine and sorbitol are not absorbed unless water is being 
absorbed at the same time. When they are absorbed, the solution leaving the 
lumen is more dilute than that in the lumen, the difference in concentration 
increasing with increase in molecular weight. 

3. Changes in osmotic pressure set up by active glucose absorption do not 
account for the effect of glucose on water absorption. 

4. The rate of glucose absorption can be reduced substantially without 
reducing water absorption. 

5. It is concluded that water absorption is wholly an active orem and 
that the role of glucose 1 is largely or entirely nutritive. 
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‘The presence of carbonic anhydrase in intra-ocular tissues has been reported 


; : anhydrase content of the ciliary body and iris and of the lens, and to ere q 
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by earlier investigators whose results are summarized in Table 1. Interest in | 
these findings has been increased by recent reports that the intra-ocular 
pressure may be reduced both in glaucomatous eyes (Becker, 1954) and in 
normal eyes of animals (Grant & Trotter, 1954) by the systemic administration . 
of a carbonic anhydrase inhibitor (Diamox, 2-acetylamino-1 :3:4-thiadiazole- q 


§-sulphonamide). It was, therefore, decided to investigate further the carbonic q 


approximately the relative amounts of enzyme in these tissues. q 


1, The occurrence of carbonic anhydrase in ocular tissues 


Sclera *Mammals—trace (Bakker, 
1941) 1 
(Bakker, 1941) 
Choroid Fishes—present (Leiner, 
1940) amount (Bakker, 
1941) 
Ciliary body Birds—small amount 
(Kauth & Sommer, Rabbits— t Rabbits—present 
| 1953) (Wistrand, 1951) (Green et al. 1954) 
Tris 
Retina } Fishes—present (Leiner, *Mammals—present Birds— t 
940) (Bakker, 1941) (Kauth & Sommer 
1953) 
Lens Rats—large amounts Birds—present 
7 (Bakker, 1939) amounts ( , (Kauth & Sommer, 
| 1941) 1953) 
Aqueous humour Species not stated— 
 @bsent (v. Goor, 1934) 
Vitreous body *Mammals—trace (Bakker, 
1941) 
 Peeten Birds—large amounts 
a (Kauth & Sommer, 1953) 


* Rabbits, pigs, cats, sheep, dogs, horses. 
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Demonstration of the enzyme in avascular tissues, e.g. the lens, presents few 
difficulties, but in the vascular ciliary body and iris the investigation is com- 
plicated by the high carbonic anhydrase content of erythrocytes. To overcome 
this difficulty the tissue must be perfused with saline to minimize its blood 
content. Some workers, e.g. Wistrand (1951), have used the benzidine reaction 
to estimate the blood content of the extracts, while others, e.g. Kauth & 
Sommer (1953), have assumed that extracts prepared from perfused tissues 
are practically blood-free. The latter appears @ dangerous assumption if the 
presence of small amounts of enzyme is being investigated. Preliminary 
experiments showed also that the benzidine reaction, in certain circumstances, 
could give rise to misleading estimates of the blood content of extracts pre- 
pared from the ciliary body and iris. 


METHODS 

Perfusion 
Albino rabbits (weighing 2-0-3-5 kg) were anaesthetized by the intravenous injection of a 25% 
solution of urethane in doses of 1-75 g/kg. Both jugular veins and both carotid arteries were 
exposed. 1 ml. of heparin solution (1000 i.u./ml.) was injected intravenously and 5-10 ml. of 
blood were then withdrawn by heart puncture. Cannulae were inserted into both carotid arteries, 
and the jugular veins were then severed and the heart excised. Physiological saline (prepared in 
glass-distilled water) was perfused through the carotid cannulae at a pressure of 1 m of saline. 
After 1 1, of saline had been perfused, needles were inserted into the anterior chamber of each eye 
and a pressure of 50 cm of saline applied for several minutes, after which the eyes were enucleated. 


Preparation of tissue extracts and blood dilutions 
(a) Ciliary body and iris. Immediately after enucleation the eyes were bisected equatorially. 
The anterior segment was turned inside out and, by grasping the vitreous with forceps, the vitreous 
and lens together were removed from the other tissues. Any small fragments of vitreous adhering 
to the ciliary body were carefully removed. The ciliary body was severed from the choroid with 
fine scissors and by gentle traction the ciliary body and iris were removed. Excess moisture was 
removed with filter-paper, the tissues were weighed and then ground up in a glass tissue-grinder 


with glass-distilled water. The extract was centrifuged and the supernatant liquid kept, The ciliary 


bodies and irides from both eyes of each rabbit were ground up with 5 ml. of water for use in the 
manometric determinations and with 10 ml. of water for the indicator method. 

(b) Lens. Any vitreous adherent to the lens was removed and excess moisture was removed 
with filter-paper. Both lenses from each animal were weighed together and ground up with sand 
and 10 ml. of glass-distilled water. The resulting fluid was centrifuged and the supernatant liquid 
kept. 


(c) Blood. From the blood obtained wv heart ponctare various dilutions between 1:50 and 
1:100,000 were prepared with glass-distilled water. | 


(d) ‘Heated’ extracts. These were prepared by heating in a water-bath at 70° C for about 60 min. 


Manometric estimations of carbonic anhydrase activity 
A modification of the method of Krebs & Roughton (1948), using Warburg manometers, was 
employed. The determinations were made at 25° C. 1 ml. of freshly prepared 0-1 m-sodium bicar- 
bonate solution was placed in the side-arm. 1 ml, of 0-1m-phosphate buffer was placed in the main 
body of the flask. The pH of the buffer was 6-80 in the preliminary experiments and 6-98 in the 
final experiments. To the buffer 0-2 ml. of glass-distilled water was added for measuring the rate 


: 
i 
rapic 
3 
solu 
valu 
pA 
4 Teac 
ay 
U 
4-06 
un 
bloc 
; 
tak 
Rey 
) 
anc 
d i, 
4 
car 
elec 
$ 
ng 
4 ti01 
= fi 
0 
45 
be 
: 
a dis 
at 
& me 
4 h 
P 
A 
spe 
of 
a 
* 
4 be 
d 
an 
Wi 
tre 
4 th 
. 
= 


' CARBONIC ANHYDRASE IN OCULAR TISSUES 667 


of the uncatalysed reaction, while 0-2 ml. of tissue extract or diluted blood was added to deter- 
mine carbonic anhydrase activity. After equilibration for 10 min the contents of the flask were 
rapidly mixed and readings taken every 60 sec for 10 min, and at 15 and 20 min after mixing. In 
calculating the volumes of carbon dioxide evolved, allowance was made. for that retained in 
solution by adopting a value for a oo, #8 described by Umbreit, Burris & Stauffer (1949), using the 
value found by Shedlovsky & MacInnes (1935) for the pK of carbonic acid at 25°C. Repeated 
determinations were made of the carbonic anhydrase activity of the diluted blood and of the 
extract from ciliary body and iris, together with determinations of the rate of the uncatalysed 
| Estimations of carbonic anhydrase by an indicator method 

The method employed was a modification of that described by Roughton & Booth (1946). 
A barbitone buffer, pH 8-4 as measured by a Cambridge pH meter, was prepared by dissolving 
4-05 g barbitone and 15-12 g sodium barbitone in 1 1. of glass-distilled water. To 3 ml. of barbitone 
buffer were added 2 ml. of glass-distilled water, 0-3 ml. of tissue extract or diluted blood and six 
drops of 0-04% aqueous solution of bromothymol blue in a stoppered weighing bottle. In the 
uncatalysed reaction 0-3 ml. of glass-distilled water was used in place of tissue extract or diluted 
blood. The weighing bottles were kept in ice-cold water for 1 hr. 5 ml. of ice-cold glass-distilled 
water saturated with carbon dioxide were added rapidly from an all-glass syringe and the time 
taken for the mixture to reach pH 6-3 as shown by its colour matching that of a standard prepared 
by adding six drops of bromothymol blue to 10 ml. phosphate buffer (pH 6-3) in a weighing bottle. 
Repeated determinations of the rate of the uncatalysed reaction and of the activity of lens 
extract, ciliary body extract and its equivalent blood dilution and of 1:50, 1:100, 1: dens 1:5000 
and 1:10,000 blood dilutions were made successively, 


Determination of blood content of extracts from ciliary body and iris 

Ashby & Chan (1943) used the benzidine reaction to estimate the blood content of tissues by 
direct visual comparison of the intensity of blue colour developed prior to the determination of the 
carbonic anhydrase content. It was felt that this method could be made more reliable if photo- 
electric measurements were possible. 

Albino rabbits were used since extracts prepared from the ciliary body and irides of pigmented 
animals had a brownish tint which interfered with ‘photoelectric measurements, The concentra- 
tions and amounts of the reagents proposed by Ashby & Chan were found to be unsuitable because 

8 precipitate was often formed and the development of the blue colour was too rapid. The reagents 

found most satisfactory were: (a) a benzidine solution freshly prepared by dissolving 0-5 g in 
45 ml. glacial acetic acid at 50° C, cooling, then adding 20 ml. glass-distilled water and filtering 
before use; and (b) a 3% solution of hydrogen peroxide. 

To 0-5 ml. of diluted blood or tissue extract were added 1-4 ml, benzidine solution and 4-7 ml. 
distilled water. 0-4 ml. hydrogen peroxide solution was added quickly, a stop-watch being started 
at this moment. The resulting blue solution was transferred to a glass cell and the optical density 
measured at exactly 60, 120 and 180 sec after addition of hydrogen peroxide, in a ‘Spekker’ 
photoelectric absorptiometer, following the procedure described by Delory (1949). Ilford 608 
spectrum filters were used. The optical density was found to bear a linear relationship to the amount 

_ of blood present for dilutions of blood between 1: 100,000 and 1:4000. 

In a separate series of experiments it was found that the intensity of blue colour developed by 
_ a given blood dilution was reduced approximately two or three-fold if ciliary body extract had 
been added previously to the diluted blood, but there was still a linear relationship between optical 
density and amount of blood present. Therefore, in the manometric determinations of carbonic 


anhydrase, the extract was compared with a blood solution five times more concentrated than that 


_ which yielded a blue solution with the same optical density as that produced by the extract when 
treated in the same way with benzidine and hydrogen peroxide. In this sd underestimation of 
the blood content of the extract was certainly avoided. 
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anhydrase was estimated by the indicator method, so that in the later experiments a modified 
procedure was adopted for determining the blood content. Known amounts of blood were added 
to 0-5 ml. of extract and the photoelectric measurements conducted as before. A graph (see Fig. 3) 
was then constructed from which the blood content of the extract could be deduced thus obviating 
the difficulty introduced by the inhibitory action of the extract on the development of the blue 
colour. The blood content of the extract was assessed, not only from the optical densities measured 
at 60 sec, but also from those at 120 and 180 sec, the largest value of the three being accepted. 


Storage and use of extracts 
All extracts and blood dilutions were stored in a refrigerator at 0° C in stoppered tubes. The 
duration of storage before use varied from 24 to 72 hr in the manometric determinations but did not 
exceed 24 hr when the indicator method was used. There was no evidence of decay in carbonic 
anhydrase activity. Individual determinations of activity in the equivalent blood dilutions were 
always carried out immediately after a determination of activity in ciliary body extract. 


RESULTS 
-Manometric method 

Extracts from ciliary body and iris. Extracts from six rabbits were tested 
for carbonic anhydrase activity. 

Three extracts were tested at pH 6-80 and the carbonic anhydrase activity 
was found to be greater than could be explained by the amount of blood 
present. However, the rate of evolution of carbon dioxide was too rapid to 
permit readings for more than 4-5 min. 


TABLE 2. Manometric determinations of carbonic anhydrase activities at 25° C of extracts from 
: ciliary body and iris and of equivalent dilutions of blood 


Weight of Velocity constants 
Mean +8.8, (no. of determinations) 
and Uncatalysed 1: 20,000 dilution 
: (mg) reaction of blood added Extract added — 
Rabbit 1052 57 0-0811 + 0-0033 0-0801 + 0-0025 0-1107 + 90-0023 
(10) (10) 7) 
Rabbit 1098 105 0-0817 +.0-0087 0-0854 + 0-0045 0-1025+0-0013 
(10) (10) (9) 
Rabbit 1186 = 65 0-0766 + 0-0035 0-0800 + 0-0058 0-1066 + 0-0026 
(10) (10) (10) 


For the remaining three extracts a phosphate buffer pH 6-98 was used. 
When benzidine and hydrogen peroxide were added, each extract yielded a 
blue solution with the same optical density as that obtained by adding the 
same reagents to a 1: 100,000 dilution of blood from the corresponding animal. 
Accordingly, for the reasons given above, the carbonic anhydrase activity of 
each extract was compared with that of a 1:20,000 dilution of blood. | 

The results were expressed as constants related to the velocity of the 
reaction and are given in Table 2. The constants were calculated as suggested 
by Guggenheim (1926), a procedure which has been applied to determinations 
of carbonic anhydrase activity by Mitchell, Pozzani & Fessenden (1945) and 
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. by Altschule & Lewis (1949). The volumes of carbon dioxide evolved during 
: the first 9 min of the reaction were paired for 5 min intervals, the logarithms 
_ | of the volume changes were plotted against time and the linear relationship 
. confirmed, The constant for each determination was found by calculating the | 


regression of log (volume change) on time. In Table 2, the constants for the : 
reaction with extract added are significantly greater than those when the 
equivalent dilution of blood was added (0-1 > P > 0). The results for one of these : 
' animals are illustrated in Fig. 1, showing that the final volume of carbon 
dioxide evolved was not altered by the addition of diluted blood or extract. 

: Single determinations on heated extracts gave rates falling within the range 


_of the uncatalysed reaction. 
Rabbit 1186 
| 
4 : 
* 
> 
400 
/ 
| 
2 a 1:100 blood 
Siok b 1:1000 blood 
| c ciliary body and iris extract 
d 1:20,000 blood 
3 400 e uncatalysed 
> 
iy 


i | 
Time: after mixing, minutes 


Fig. 1. Carbonic anhydrase activity of extract from ciliary body and iris determined by mano- 
metric method. c, d and ¢ are each constructed from the means of ten determinations; a and b 
are results of single determinations. 
Lens extracts, The results for extracts prepared separately from the lenses 
__ of six animals are shown in Fig. 2, from which it is seen that addition of lens 
extract approximately doubled the initial rate of carbon dioxide evolution. 
_ With heated lens extracts, the rate of evolution equalled or was very little 
_ greater than that of the uncatalysed reaction. 
Indicator method 
_ Extracts from ciliary body and iris. Extracts from six further rabbits were 
_ tested by this method. 
_ The first three extracts had a greater carbonic anhydrase activity than could 
_ be attributed to their blood content, the latter being determined by the same 
method as for those extracts tested by the manometric method. 


4 
4 


670 : J. GLOSTER AND E. 8. PERKINS 


For the remaining three extracts, the blood content was determined by the 
modified procedure. An example is illustrated in Fig. 3, which shows that this 
extract contained no more than 50 p.p.m. of blood, no matter whether the 
60, 120 or 180 sec readings were considered. The pH change took place more 
rapidly when extract was added than when an amount of blood equal to that 
in the extract was used, and the difference between the rates was significant. 
The rate with heated extracts was not significantly different from that of the 
uncatalysed reaction. These results are summarized in Table 3. 


Rabbit 1322 - Rabbit 1324 


600 Rabbie.1365 600 - Rabbit 1366 
| 


0 5 10 15 20 0 5 10 15 20 
Fig. 2. Carbonic anhydrase activity of lens extracts. Ordinates: ul. CO, evolved. Abscissae: 


time (min) after mixing. Each curve shows the results of a single determination : O—O, lens 
extract; O---O, heated lens extract; @—@, uncatalysed reaction. 
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100 150 200 250 


Parts per million of blood added to extract 
‘Fig. 3, Determination of blood content of extract from ciliary body and iris. O, readings taken 


60 sec after adding H,O,; @, readings taken 120 sec after adding H,O,; ©, readings taken 
180 sec after adding H,O,. The calculated regression lines have been drawn. 


TaBLzE 3. Determination of carbonic anhydrase activity by an indicator | 
method at 0° C 3 


Time (sec) for pH change from 8-4 to 6-3 
Mean+8.&. (no. of determinations ons) 


Rabbit 1279 ‘Rabbit 1474 ‘Rabbit 104s 
Unea: 157-5428 (10) 143-3423 (10)  178-941-5 (10) 
Blood diluted 
1:40,000 *181-74+1-8 (10) 
1: 20,000 *159°3 42-6 (10) 
1:10,000 150-6431 (5)  *141-2425 (10) 1-8 (5) 
1:5000 144-8 + 2-9 (5) 134-8+5-9 (5) 168-1 (5) 
1:1000 99-9421 (5) 1027427 (5) 133-6424 (5) 
1:100 19°7+40-43 (5) 22-1+0-45 (5) 25-0+0-24 (5 
1:60 9840-14 (5) 1154021 (5)  12:740-24 (5 
Extract from ciliary body and iris 144-441-8 (10) 125-743-2 (10)f 157-3425 (10)f 
Heated extract 161-040-583 (3)  158:2443(4)  175-246-8 (3) 
Lens extract 11-440-24 (5) 9740-37(5) (5) 
Heated lens extract 139-143-4(8) 1491485 (4) 160-1 42-0 (3) 
My Pd Sa and iris 66 mg 95 mg 91 mg 
__ Weight of : 795 mg 1010 mg 1053 mg 
8 _ dilution marked by an asterisk in the appropriate column. 


+ The times for these extracts are significantly different from (a) the times for the equivalent 
: dilutions of blood (0-01>P>0 in each case; t= 4-89, 3-86 and 8-04 respectively), and (b) the times 
for the heated extracts (0-01 >P>0 in each case; t= 4-59, 5-69 and 3-11 respectively). 
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Lens extracts. Table 3 shows that the addition of lens extract greatly 
accelerated the reaction, and that this effect was reduced markedly if the 
extract had been heated previously. Nevertheless, with two of the heated 
extracts (from rabbits 1279 and 1243) the reaction was faster than the un- 
catalysed reaction. 


DISCUSSION 
The results obtained by both the manometric and the indicator methods 
demonstrate that a greater amount of carbonic anhydrase was present in 
extracts prepared from the ciliary body and iris of albino rabbits than could 
be explained by the blood content of the extracts. Table 3 shows that the 
extracts had carbonic anhydrase activities approximately equal to blood 


diluted 1:5000 for rabbit 1279, 1:4000 for rabbit 1474 and 1:3000 for rabbit | 


1243. Allowing for the amounts of blood present, the extracts were approxi- 
mately equivalent in carbonic anhydrase activity to blood diluted 3:20,000, 
3:20,000 and 6:20,000 times respectively. From the amounts of tissue used 
and the final volumes of the extract it can be calculated that the concentration 
of carbonic anhydrase in the ciliary body and iris of each of the three animals 
was about 1/45, 1/65 and 1/30 respectively of the concentration in whole 
blood. This is considerably lower than the amount claimed by Wistrand (1951), 
who stated that the concentration in the ciliary body and iris was about 1/7 
of that in the erythrocytes, but he did not specify whether the animals used 
were pigmented or albinos. Bakker (1939) found more carbonic anhydrase in 
the lens of an albino rat than was usual in pigmented rats, and Leiner (1940) 
obtained a similar result for the choroid and retina of an albino rabbit. These 
results suggest that the carbonic anhydrase contents of the tissues may differ 
between albino and pigmented animals. — 

The lens extracts from rabbits 1279, 1474 and 1243 all had approximately 
the same carbonic anhydrase activity as 1:50 dilutions of blood. Taking into 
account the weights of the lenses and the final volumes of the extracts, it may 
be calculated that the lenses possessed 1/4, 1/5 and 1/5 respectively of the 
carbonic anhydrase activity of whole blood. The finding that some heated lens 
extracts cause a small acceleration of the reaction may be due perhaps, as 
Bakker (1939) suggested, to lactic acid formation in the lens. 

By comparing the carbonic anhydrase activities, expressed as fractions of 
the activity of whole blood, of lens extracts and extracts from ciliary body and 
iris, it is concluded that the concentration of carbonic anhydrase is 6 to 13 
times greater in the lens than in the ciliary body and iris, assuming a uniform 
distribution of the enzyme in both tissues. Nothing appears to be known about 
the localization of the enzyme in these tissues, and it may well be that a high 
proportion of the carbonic anhydrase of the ciliary body is localized in the 
ciliary epithelium which would therefore possess a concentration equal to, or 
perhaps greater sant that of the lens. 
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SUMMARY 


1. The carbonic anhydrase in extracts prepared from the lens and from the 


ciliary body and iris of albino rabbits has been estimated manometrically and 
_ by an indicator method. 

2. A method is described by which the blood content of extracts from the 
ciliary body and iris was determined by using the benzidine reaction and 
measuring the resulting blue colour in a photoelectric absorptiometer. | 

3. Extracts from the ciliary body and iris contained more carbonic an- 
_ hydrase than could be accounted for by the amount of blood they contained. 
_ 4. The lens extracts had a high carbonic anhydrase activity. 

5. The carbonic anhydrase content of the ciliary body and iris appeared to 
be between 1/30 and 1/65 of that of whole blood, while the amount in the lens 
was between 1/4 and 1/5 of that in blood. Therefore, in equal weights of the 
two tissues, there was 6 to 13 times as much eeneonne anhydrase in the lens as 
in the ciliary body and iris. 
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THE EFFECT UPON THE HEART RATE OF INCREASING THE 
VENOUS RETURN BY OPENING AN ARTERIO-VENOUS 
FISTULA IN THE ANAESTHETIZED DOG 


By J. C. G. COLERIDGE anp R. J. LINDEN 
From the Department of Physiology, School of Medicine, Leeds University 


(Received 20 June 1955) 


Various methods of regulating the venous return have been used to investigate 
the effect of alterations in venous return upon the heart rate of the anaesthe- 
tized dog. Bainbridge (1915) gave intravenous infusions of blood or saline and 
found that cardiac acceleration occurred when venous return was increased 
in this way. Subsequently, other workers used a similar technique and 
obtained conflicting results (Sassa & Miyazaki, 1920; DeGraff & Sands, 1925; 
Ballin & Katz, 1941). With the exception of the work of Sassa & Miyazaki, there 
has been no clear experimental evidence that the elicitation of a reflex cardiac 
acceleration by infusions is as constant as the original studies of Bainbridge 
suggested. Some explanation for these different results was given recently by 
the observation that the effect of infusions upon the heart rate varied with the 
initial heart rate (Coleridge & Linden, 1955). There is, however, a considerable 
drawback to the use of intravenous infusions in that, in addition to the 
immediate effect upon venous return, widespread changes (due to alterations 


_ in the volume and composition of the blood) are produced, which may in them- 


selves cause an alteration in the heart rate. | 

In order to investigate in more detail how the changes postulated by Bain- 
bridge were brought about, other techniques were used in which different 
vessels and chambers of the heart were distended or isolated and perfused 
(Sassa & Miyazaki, 1920; Anrep & Segall, 1926; Ballin & Katz, 1941; Aviado, 
Li, Kalow, Schmidt, Turnbull, Peskin, Hess & Weiss, 1951; Coleridge & 
Hemingway, unpublished); but again it is difficult to assess the significance of 
the observations made with these methods, because of the introduction of many 
fresh variables by the particular technique employed. — 

It is well known that cardiac acceleration occurs when an arterio-venous 
fistula is opened. The increase in rate is said to be due to a reflex alteration in 
vagal and sympathetic activity mediated through the arterial baroceptors 
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(Van Loo & Heringman, 1949; Epstein, Shadle, Ferguson & McDowell, 1953; 
Glaviano, 1954). However, it seemed possible that the cardiac acceleration was 
due, in part at least, to the operation of the Bainbridge reflex, for it has been 
shown that the opening of a large arterio-venous fistula produces an. increase 
in the venous return to the heart (Cohen, Edholm, Howarth, McMichael & 
Sharpey-Schafer, 1949; Van Loo & Heringman, 1949; Ferguson, Gregg & 
Shadle, 1954). If this hypothesis proved to be correct, the opening of an arterio- 
venous fistula would be a simple method of increasing the venous return in a 
further investigation of the mechanism of the Bainbridge reflex. 

Therefore experiments were performed on anaesthetized dogs to determine 
whether the cardiac acceleration produced by opening an arterio-venous fistula 
could be related to the increase in venous return, rather than to any alteration 


in arterial blood pressure. A preliminary account of these findings has already 
appeared (Coleridge & Linden, 1953). 


METHOD 


Experiments were performed on thirty-one anaesthetized dogs varying in weight from 11 to 35 kg. 
For reasons to be given later (see Results) the following anaesthetics were used in different series of 
experiments: 

(1) Morphine sulphate (3 mg/kg subcutaneously) and chloroform and ether. 

(2) Morphine sulphate (3 mg/kg subcutaneously) and chloralose (75 mg/kg intravenously). 
(3) Morphine sulphate (3 mg/kg subcutaneously) and sodium pentobarbital (45 mg/kg intra- 

peritoneally). 

(4) The anaesthetic employed in the largest series of experiments was that described by Foltz, 
Page, Sheldon, Wong, Tuddenham & Weiss (1950). After an initial subcutaneous injection of 
morphine sulphate (3 mg/kg), the dog was anaesthetized intravenously 1 hr later with 0-25 ml./kg 
of a 1:1 mixture of Dial-urethane (Ciba) and sodium pentobarbital. After another hour this was 
followed by a second injection of morphine sulphate (1-5 mg/kg). Half an hour after the final 
injection the preparation was ready for observations to be made. 

Venous return was increased by opening a femoral arterio-venous fistula made by inserting short 
lengths of polythene tubing, of as wide a bore as possible, into the central ends of the right femoral 
artery and vein. Flow through the fistula was measured by a rotameter. The rotameter was 
calibrated at the end of the experiment with the animal’s blood. Heparin (500 i.u./kg ‘ Pularin’ 
Evans) was injected intravenously before the fistula was set up. 

The fistula was opened in two ways. In the majority of experiments, the screw clip on the fistula 
was opened gradually (over a period of 2-3 min in most cases) until the desired flow through the 
rotameter was established ; the fistula was also closed slowly. In this way, time was allowed for an 
exchange of blood between the reservoir and the dog in those experiments in which an arterial 

blood pressure compensator was used (see below); 2-3 min were sufficient for equilibrium to be 
established. In a few experiments the fistula was opened and closed instantaneously. 

Cardiovascular pressures were recorded by saline and mercury manometers or by optical 
manometers of adequate frequency and sensitivity (Coleridge & Linden, 1954). An atmospheric 
zero for each manometer was recorded before and after each record. In fluid-filled manometers 
‘true’ zero was compared with atmospheric zero by recording the pressure at the cannula tip when 
this was free in air post-mortem. This was done after cutting away the respective heart chambers 
and vessels and making sure that no obstruction was caused by blood or floating lungs. The right 
atrium was cannulated through the right external jugular vein ; arterial blood pressure was recorded 
_ by means of a T-cannula inserted into the common carotid artery. A Hiirthle manometer was used 
43-2 
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to record heart rate when mean arterial blood pressure was recorded by a damped mercury mano- 
meter; in some experiments simultaneous electrocardiograms were taken to facilitate the recogni- 
tion of sinus arrhythmia. Respiration was recorded either by a stethograph or by an optical mano- 
meter with a cannula introduced into the pleural cavity. 

In some experiments mean arterial blood pressure was controlled by a mechanical blood pressure 
compensating device (Fig. 1). The compensator consisted of a graduated reservoir of heparinized 
blood (5000 i.u./l. ‘Pularin’ Evans) taken from another animal. The reservoir was connected to a 
cannula inserted into the left femoral artery and was kept at the dog’s rectal temperature. 
A pressure was maintained in the reservoir by a flow of oxygen from a cylinder and was varied by 
means of an adjustable mercury release valve. To ensure that the compensator was in correct 


AN 


MA 


Fig. 1. Arterial blood pressure compensator. Art,, cannula inserted into femoral artery of dog; . 


A and B, Hg manometers; X, tube clipped here to compare pressure in dog with that in com- 

_ pensator; R, reservoir containing 11. of heparinized blood; 7’, thermometer in water bath 
maintained at rectal temperature of dog; O,, oxygen from cylinder; V, adjustable Hg release 
valve. 


pressure balance with the dog, the reservoir pressure was compared directly with the pressure in the 
femoral artery, by means of two damped mercury manometers fitted to the short tube connecting 
the compensator to the dog: the tube between the two manometers was clipped while the pressure 
in the reservoir was adjusted. For arterial blood pressure compensation, the reservoir pressure was 
set at the initial mean pressure of the dog. Compensation, for alterations in the animal's blood 
pressure brought about by the various experimental procedures, was affected by an exchange of 
blood between the animal and the reservoir. In this way general alterations in systemic blood 
pressure were eliminated. In other experiments the animal was subjected to a series of controlled 
haemorrhages by lowering the compensator pressure in steps of approximately 5 mm Hg; the 
reservoir pressure was adjusted to the required level, and, when the clip was opened, the animal 
bled against the lower pressure until equilibrium was reached. 
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Estimations of cardiac output were made in some experiments by the dye-injection method 
(Hamilton, Riley, Attyah, Cournand, Fowell, Himmelstein, Noble, Remington, Richards, Wheeler 
& Witham, 1948). 

In some dogs the temperature of the blood in the right atrium was measured with a copper- 
constantan thermocouple, inserted through the external jugular vein into the right atrium, 
operating a Cambridge Unipivot galvanometer; the system had a sensitivity of 1 cm deflexion for 
1° C change. 


An infusion of procaine amide was given in some experiments in an attempt to abolish sinus 


arrhythmia (Ferguson, Shadle & Gregg, 1953). This was given as a slow intravenous drip of 
*Pronestyl Hydrochloride’ (Squib) made up 200 mg/50 ml. saline (0-9%, w/v, NaCl solution). 


RESULTS 
A femoral arterio-venous fistula was opened in over 200 experiments on thirty- 


_ one dogs with a range of fistula flows of 190-1270 ml./min. A record, illustrat- 


ing the changes that occurred in many experiments while the fistula was being 


opened, is shown in Fig. 2, In this experiment the initial heart rate was 


_ Fig. 2. Dog, 12-5 kg; morphine, Dial-urethane and sodium pentobarbital. Effect of opening 


femoral arterio-venous fistula: A, fistula closed; B, fistula opened slowly; C, fistula fully open 
(flow 430 ml./min). In this and subsequent figures, the following abbreviations are used: 
Resp., respiration; H.R., heart rate (figures indicate heart rate in beats/min); 4.B.P., arterial 
blood pressure (mm Hg); 8.a.P., right atrial pressure (cm H,0). 


: 62/min (A); when the fistula was opened slowly (B), the rate gradually in- 
- ¢reased to 86/min with a fistula flow of 430 ml./min. Mean arterial blood 
_ pressure fell by approximately 5 mm Hg when the fistula was opened and then 


slowly regained its original level soon after the fistula was fully open. It is 
important to note, however, that the cardiac acceleration did not appear to be 


_ Telated to the changes in mean arterial pressure, for the maximum increase in 
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heart rate occurred when arterial blood pressure had regained its original value. 
No comment has been made on the apparent variations in systolic and dia- 
stolic arterial pressure recorded by the Hiirthle manometer, because this 
instrument had a low natural frequency. 

It can be seen that the opening and closing of the fistula had no obvious 
effect upon respiration; with certain exceptions to be noted a this was true 
of all these experiments. 

To determine the overall effects produced by the opening of the fistula it was 
necessary to compare periods when the animal was in a steady state, i.e. when 
time had been allowed for the establishment of a fresh equilibrium after the 
opening of the fistula. In practice it was found that it was possible to obtain a 
steady state with respect to arterial blood pressure, heart rate and respiration, 
but in many experiments mean right atrial pressure continued to show gradual 
changes for some time after the fistula had been opened. For example, in the 
experiment shown in Fig. 2, mean right atrial pressure increased by about 
2 cm H,O when the fistula was opened, but it then fell slowly and returned to 
the initial level, This gradual fall in pressure occurred at a time when a con- 
stant flow was being maintained through the fistula and, in the latter part of 
period C, when heart rate, blood pressure and respiration were steady. For 
convenience, subsequent records show only the conditions when the fistula was 
either fully closed or fully open, and when arterial blood pressure, heart rate 


and respiration were steady. 


Arterial blood pressure. In the experiment depicted in Fig. 2, mean arterial 
blood pressure fell initially by about 5mm Hg when the fistula was opened. 
Hence it might be said that both the cardiac acceleration and the gradual 
recovery in arterial pressure were due to a decreased impulse activity in the 
arterial baroceptor fibres. Therefore an arterial blood pressure compensator was 
used in some experiments to prevent the occurrence of any alterations in mean 
arterial pressure when the fistula was opened. In one experiment in which the 
compensator was not used (Fig. 3A, B), the heart rate increased from 69 to 
87/min, and the mean blood pressure fell by about 2 mm Hg, when the fistula 
was opened (flow 360 ml./min). The compensator was connected (Fig. 3C, D) 
and, when the fistula was opened (flow 360 ml./min), the same increase in heart 
rate occurred, and mean arterial pressure was unaltered. During compensa- 
tion, 70 ml. blood passed from the compensator reservoir to the dog. 

In the majority of experiments in which the compensator was not used, mean 
arterial blood pressure fell when the fistula was opened; in one instance the 
mean pressure fell by approximately 10 mm Hg (Fig. 4). However, no con- 
stant relationship was found between the changes in heart rate and mean 
arterial blood pressure; in other observations on the same dog, the mean pres- 
sure remained steady, or even increased, when the fistula was opened (Fig. 5). 
In one case (Fig. 5 A, B), the mean pressure was unaltered, and the heart rate 
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Fig. 3. Dog, 15:2 kg; morphine, Dial-urethane and sodium pentobarbital. Effect of opening 
femoral arterio-venous fistula: A, fistula closed; B, fistula open (flow 360 ml./min); C, fistula 
closed; D, fistula open (flow 360 ml./min.). A and B, without compensator; C and D, with 
compensator. During compensation the dog gained 70 ml. blood. Period of 15 min between 
B and 


_ Fig.4. Dog, 17 kg; morphine, Dial-urethane and sodium pentobarbital. Effect of opening femora 
__arterio-venous fistula: A, fistula closed; B, fistula open (flow 570 ml./min); C, fistula closed. 
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increased from 55 to 79/min. A few minutes later, the fistula was opened again 
(Fig. 50, D) with the same flow: the same increase in heart rate occurred, 
despite the fact that in this case the mean arterial blood pressure rose from 
112 to 116 mm Hg. The compensator was not used in these three experiments. 
Therefore, in a series of experiments on the same dog with the same fistula 
flow, the same increase in heart rate was obtained whether the mean arterial 
blood pressure remained constant, showed a small decrease or a small increase. 

In some experiments the mean arterial blood pressure appeared to be related 
inversely to the size of the fistulous opening; the heart rate increased and the 
arterial pressure fell progressively when the fistula was opened in gradual 
stages. But this was not found consistently, and the overall lack of correspon- 
dence found in other experiments between the changes in heart rate and mean 


Fig. 5. Same dog as in Fig. 4. Effect of opening femoral arterio-venous fistula: A, fistula closed; 


B, fistula open (flow 590 ml./min); C, fistula closed; D, fistula open (flow 570 ml./min); period 
of 15 min between B and C. 


arterial blood pressure is illustrated clearly by the results of several observa- 
tions made on one dog with a range of fistula flows (Fig. 6). For a given initial 
heart rate, the extent of the increase in heart rate appeared to be related to the 
flow through the fistula (Fig. 6a), and not to the simultaneous changes in 
mean arterial pressure (Fig. 66). Moreover, in this particular series of 
observations, the mean blood pressure did not appear to be related to the flow 
through the fistula (Fig. 6a). 

In a further attempt to determine whether the increase in rate was caused 
by the changes in mean arterial blood pressure, the animal was bled in order to 
reproduce the fall in mean pressure which occurred in some experiments when 


the fistula was opened. The animal was subjected to a step-like controlled — 
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haemorrhage by lowering the pressure in the compensator in steps of approxi- 
mately 5 mm Hg. The record from such an experiment is shown in Fig. 7. The 
mean arterial blood pressure fell in steps from the initial level of 152 mm Hg 
_ (A) to 134 mm Hg (E). The initial heart rate was 59/min (A) and, in spite of a 
_ fall in mean arterial pressure of 13 mm Hg, the heart rate at D was 57/min. The 
_ heart rate did not increase until the mean pressure had fallen to 134 mm Hg 
_(E). In the same dog the heart rate increased from 51 to 70/min when the 
_ fistula was opened (flow 870 ml./min), and the mean arterial blood pressure 
- temained unchanged: the compensator was not used. 
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(a) (b) 
Fig. 6. Dog, 14 kg; morphine, Dial-urethane and sodium pentobarbital. The effect of opening a 
femoral arterio-venous fistula; the results of seven experiments with a range of fistula flows 
(460-1150 ml./min). (a) Relationship between fistula flow (ml./min) and (i) % increase in 
heart rate and (ii) mean arterial blood pressure (mm Hg) after fistula opened. (56) Relation- 
ship between mean arterial blood pressure (mm Hg) after fistula opened and % increase in 
heart rate. 


_ A remarkable feature of several of these controlled bleeding experiments 
was the relatively large volume that had to be bled before the heart rate 
increased. For example, when the fistula was opened in one dog, the heart rate 
increased from 49 to 68/min and the mean blood pressure fell 3 mm Hg; the 


fistula was closed and the animal was bled in stages into the compensator. 


There was no alteration in heart rate when the mean arterial pressure had 
fallen by 8mm Hg; this decrease in pressure was produced by the loss of 
_ 288 ml. of blood (23% of the calculated blood volume). Another feature of 

this experiment was that, at a certain stage in. the controlled bleeding, a 
further loss of blood produced such a marked vasoconstriction that the blood 
pressure rose for a brief period, despite the fact that the dog was still bleeding 


Ay 
‘= 
7 
4 


682 J. C. G. COLERIDGE AND R. J. LINDEN 

into the compensator; this occurred in the majority of the bleeding experi- 
ments when the animal had been depleted of between a quarter and a third 
of its calculated blood volume. This temporary increase in mean pressure was 
associated with a large increase in the respiratory rate. 


Fig. 7. Dog, 16-5 kg; morphine, Dial-urethane and sodium pentobarbital. Effect of step-like 
haemorrhage: A, control; B, C, D and E, records taken after animal bled into compensator ; 
F, transfusion started. 


Thus in these animals, under the particular anaesthetic and experimental 


‘ conditions existing at the time, a fall in mean arterial blood pressure greater 


than that produced by opening the fistula did not bring about an increase in 
the heart rate. However, in view of the work of Ead, Green & Neil (1952) on 
the effect of different patterns of arterial pressure pulse on the excitation of the 
nerve endings in the baroceptor areas, it seems that mean pressure is not the 
sole determinant of the impulse activity in baroceptor fibres of the carotid 
sinus and aortic nerves: it is probable that changes in pulse pressure and pulse 
form are also important in the modification of baroceptor excitation. Arterial 
pressure was therefore recorded optically to determine whether the opening 
of the fistula produced changes in the arterial pulse form which were likely to 
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_ Jead to a decreased excitation of the baroceptors and hence to a reflex cardiac 
acceleration. A record typical of those obtained in several experiments shows 
_ that a large increase in pulse pressure followed the opening of the fistula 

_ (Fig. 8); in this experiment the increase was due to a fall in diastolic pressure : 

the systolic pressure was unaltered (the compensator was not used). Without re- 
cording the impulse activity in the baroceptor fibres, it would be difficult to say 
_ what effect these changes in arterial pressure had upon baroceptor stimulation, 
though, in view of the maintained systolic pressure and the increased number 
of pressure pulses per minute, it might be expected that the opening of the 
fistula produced an increase in excitation. It should also be noted that a great 
_ increase in right atrial systolic pressure occurred when the fistula was opened. 
In many of the experiments in which the arterial blood pressure compen- 
 sator was not used, both systolic and diastolic pressures fell when the fistula 
was opened (Fig. 9a). In this experiment the heart rate increased from 55 to 
73/min with a flow through the fistula of 1050 ml./min. But, when the arterial 
_ blood pressure compensator was used in another experiment on the same dog, 

_ there was no doubt that a fall in blood pressure was not responsible for the 
1 sec 


Res 


Cc 

Fig. 8. Dog, 18 kg; morphine, Dial-urethane and sodium acini Effect of opening femoral 
| arterio-venous fistula; optical recording. A, fistula closed; B, fistula open (flow 630 ml./min) ; 
C, fistula closed. The large waves in the atrial pressure record are ‘a’ waves. 


increase in heart rate (Fig. 9b). The flow through the fistula was almost the 
same as in the previous experiment, and an identical increase in heart rate 
occurred. Though some of the diastolic pressures were lower when the fistula 
was opened, the general level of systolic pressure was raised. The pulse pres- 
sure was greater, the rise in pressure from the diastolic to the systolic level was 
_ more abrupt,.and the number of pressure pulses per minute was increased. It 
_ might be expected that-these changes would result in an increased stimulation 
__ of the arterial baroceptors. 

In these experiments compensation was effected by the passage of blood 
_ from the reservoir to the dog, and it may be objected that this infusion of blood, 
per se, was responsible for the increase in heart rate. It has been shown that, 
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under certain conditions, infusions of blood or saline can produce cardiac 
acceleration (Bainbridge, 1915; Coleridge & Linden, 1955), but in this regard it 
must be remembered that in the present experiments comparatively smail 
volumes of blood (e.g. 80 ml.) were employed in compensation, and that this 
blood passed slowly from the compensator to the dog (see Methods). Moreover, 
the heart rate fell immediately the fistula was closed. Hence the increase in rate 
was not due to changes in the composition of the animal’s blood resulting from 
the infusion, because the blood gained originally by the dog from the. com- 
pensator when the fistula was opened was immediately mixed with the animal’s 
blood, and was not that returned to the reservoir when the fistula was closed. 
Finally, control experiments showed clearly that the increase in heart rate was 
not caused by the infusion of blood from the compensator reservoir. In the 


AA 


(6) 
(c) 


Fig. 9. Dog, 21 kg; morphine, Dial-urethane and sodium pentobarbital. Optical recording. (a) 
Continuous record of sudden opening and closing of femoral arterio-venous eee 
by signal marker: A, fistula closed; B, fistula open (flow 1050 ml./min); C, fistula closed. ~ 
(b) Effect of opening fistula with arterial blood pressure compensator in use: A, fistula closed; 
B, fistula open (flow 1000 ml./min); C, fistula closed. 80 ml. blood passed from reservoir to 


dog during compensation. (c) Control experiment; 80 ml. blood transfused from aoe 
between A and B (at same rate as in Expt. (6)). 
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above experiment (Fig. 9b), 80 ml. blood passed from the compensator into the 
dog during blood pressure compensation; in a control experiment, an equal 
volume was infused at the same rate from the compensator reservoir into the 
femoral artery, and this caused no alteration in the heart rate (Fig. 9c). 
- Because cardiac acceleration was not immediately elicited when arterial 
_ blood pressure was lowered by bleeding, it could be argued that the arterial 
baroceptor mechanisms were inoperative under the conditions of these observa- 
tions; this might have occurred as a result of the anaesthetic. Alternatively, it 
might be suggested that the initial blood pressure was already below the 
threshold of the sinus baroceptors, and that the acceleration which was 
eventually produced by the haemorrhage was due to some other mechanism. 
Certainly at this stage in the bleeding respiration increased, and in many cases 
vasoconstriction became so intense that arterial pressure rose despite a 
continued loss of blood into the compensator; it is possible that these changes 
were due to some other mechanism, e.g. to chemoceptor activity or to central 
asphyxia, But, if the arterial baroceptor mechanisms were inoperative, it is 
clear that the cardiac acceleration, which followed the opening of the fistula 
under identical experimental and anaesthetic conditions, did not occur as a 
result of an alteration in the impulse activity in the arterial baroceptor fibres. 
In fact, the initial arterial pressure appeared to be well above the expected 
_ threshold of the baroceptors. In addition, arterial pressure always increased 
markedly when the carotid arteries were clipped. Therefore the arterial 
_ pressoreceptors were active under the conditions of these experiments. It is 
- improbable that the reflex vasoconstriction after carotid occlusion was due to a 
_ chemical stimulation consequent upon a decreased blood flow to the brain or to 
the carotid chemoceptors because, in the majority of cases, there was no simul- 
taneous increase in respiration. The rise in pressure after carotid occlusion 
_ showed that there had been an overall decrease in the inhibition exerted on the 
- vasomotor centre by the baroceptor nerves from the carotid and aortic regions. 


Tt was therefore of interest to see if a reflex increase in heart rate occurred — 
when the pressure in the carotid sinus was lowered by this means, since the © 


_ lowering of pressure by arterial — had failed to produce an immediate 
alteration in heart rate. 


- In accordance with the usual view of the role of the arterial baroceptors in 
the reflex control of the heart rate, it was expected that carotid clipping would 


cause a reflex cardiac acceleration. In the event, the heart rate increased in 
_ about half of the experiments after carotid occlusion; in a quarter the rate was 
unaltered; and in the remainder the rate decreased. In the animals in which 

carotid occlusion produced a slowing of the heart, the opening of the fistula 
"always brought about cardiac acceleration if sinus arrhythmia was present 
_ (see below). For example, in one experiment the blood pressure rose from 156 
to 198 mm Hg, and the heart rate decreased from 120 to 108/min when the 
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carotid arteries were clipped; later, when the fistula was opened, the mean 
arterial pressure fell from 155 to 152 mm Hg, and the heart rate increased from 
112 to 134/min. 

In some animals the fistula was opened during carotid occlusion to Ribaaine 
whether the degree of cardiac acceleration was influenced by alterations in the 
initial arterial blood pressure. Such an experiment is shown in Fig. 10. Both 
carotid arteries were clipped: the mean arterial pressure rose from 108 to 132 
mm Hg and the heart rate fell from 82 to 73/min. The compensator was now 
connected and balanced against the raised arterial pressure. The fistula was 


Fig. 10. Dog, 15-2 kg; morphine, Dial-urethane and sodium pentobarbital. Effect of carotid 
clipping on alteration in heart rate produced by opening femoral arterio-venous fistula. 
A, fistula closed; B, both carotid arteries clipped and compensator set at level of raised blood 
pressure; C, fistula opened (flow 490 ml./min), 50 ml. blood passed from compensator 
reservoir to dog; D, fistula closed, 40 ml. blood passed back to reservoir; E, compensator 
disc onnected and both carotids unclipped. 


opened (flow 490 ml./min), and the heart rate increased from 73 to 97/min: 
an increase of 33%. In a previous experiment on the same animal, the heart 
rate had increased by 34% with a similar fistula flow (510 ml./min). Thus simi- 
lar fistula flows produced similar increases in heart rate, irrespective of the 
initial level of mean arterial blood pressure; in the earlier experiment the 
initial mean pressure was roughly 110mm Hg compared with 132 mm Hg 
after carotid clipping in the present experiment. When the fistula was opened 
in this experiment (Fig. 10), 50 ml. blood passed from the compensator reser- 
voir to the dog and 40 ml. passed back to the reservoir when the fistula was 
closed. Thus the dog retained 10 ml. blood. A similar retention of a small part 


of the compensating volume occurred in several of the experiments in which 
the compensator was used. 
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Initial heart rate.and sinus arrhythmia. It has been stated already that, for a 
_ given initial heart rate, the extent of any increase in rate produced by opening 
the fistula appeared to depend upon the flow through the fistula. In addition, 
for a given fistula flow, the extent of the increase in heart rate appeared to be 
related to the initial heart rate, and, if the initial heart rate was very fast, the 
opening of the fistula did not produce any further increase in rate. Because 
it was desired to investigate the factors responsible for the cardiac acceleration, 
different anaesthetics were tried in different series of experiments (see Methods) 
in order to obtain a preparation with a slow initial heart rate, i.e. a prepara- 
_ tion in which the opening of the fistula would be certain to produce an increase 
In rate. 


TaBLE 1, The initial heart rates obtained in 31 dogs with different anaesthetics (recorded 
. a8 soon as the preparation was set up). 


Heart rate 

beats/min 
No.of - A 
Anaesthetic dogs Average Range 
Morphine, chloroform and ether 3 121 104-136 
Morphine and chloralose 10 Ill 57-210 
Morphine and sodium pentobarbital 3 155 146-162 
Morphine, Dial-urethane and sodium 15 71 50-— 92 


pentobarbital 


The initial heart rates obtained with the different anaesthetics, and recorded 
_ a8 soon as the preparations were set up, are summarized in Table 1. It can be 
_ seen that with chloroform and ether, chloralose or sodium pentobarbital 
anaesthesia the heart rate was often fast, even when morphine was used to 
_ increase vagal restraint. In the experiments conducted under the combination 
of morphine, Dial-urethane and sodium pentobarbital, the initial heart rates 
were low and fell within a fairly narrow range. It should be noted that the 
heart rate gradually increased in any particular animal during the course of 
_ subsequent observations. This was presumably associated with a gradual 
decrease in the effect of morphine on vagal restraint. 
_ To illustrate the relationship between the initial heart rate and the effect 
on the heart rate of opening the fistula, the results of six successive fistula 
experiments made on one dog over a period of 80 min are plotted in Fig. 11. 
The fistula flows were approximately the same (820-890 ml./min). The increase 
in heart rate brought about by opening the fistula became progressively less as 
_ the initial heart rate gradually increased, until finally no further acceleration 
could be elicited, indeed the rate decreased slightly (F). Sinus arrbythmia was 
present in observations A~E but not in observations F and G (see below). It is 
important to note that the heart rate, above which no further increase was 
_ produced by opening the fistula, was not the maximum rate observed in that 
| dog: when both vagi were sectioned the rate increased to 277/min (@). 
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In general, it appeared that the elicitation of cardiac acceleration by the 
opening of the fistula was associated in some way with the presence of a slow 
initial heart rate. In the majority of experiments conducted under morphine 
and chloralose and under morphine, Dial-urethane and sodium pentobarbital, 
the heart rate, above which no further increase in rate occurred when the 
fistula was opened, was within the range of 120-170/min. But there were a few 
experiments in which the initial heart rate was less than 100/min, and in which 
even the maximum opening of the fistula failed to produce an increase in rate. 


280 


i i i i i j 


Minutes 


Fig. 11. Dog, 25 kg; morphine, Dial-urethane and sodium pentobarbital. Effect upon the heart 
rate of opening femoral arterio-venous fistula: six experiments, A—F; fistula flows approxi- 
mately the same (820-890 ml./min). @, initial heart rate; ©, heart rate when fistula open. 
G, broken line shows increase in rate after bilateral vagotomy. 


Because of this wide range of initial heart rates above which no further increase 
in rate could be produced, a numerical definition of ‘slow’ appeared to be 
unjustified. Nevertheless, it was found possible to define ‘slow’ to this extent: 
the opening of the fistula brought about cardiac acceleration only when the 
initial heart rate was sufficiently slow for sinus arrhythmia to be present. 

In eight dogs, sinus arrhythmia was not observed at any time, and cardiac 
acceleration was not produced by a large range of fistula flows. In general, the 
presence of sinus arrhythmia appeared to be associated with a low heart rate: 
for example, in the eight animals in which arrhythmia was completely absent, 
the rate was never less than 100/min, and in five of these dogs the heart rate 
did not fall below 130/min. This group of experiments included all the animals 
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anaesthetized with chloroform and ether and with morphine and sodium pento- 
barbital. In another seven dogs, an increase in rate followed the opening of the 
fistula when sinus arrhythmia was present, but later in these experiments 
sinus arrhythmia disappeared, and no acceleration occurred when the fistula 
was opened. Such an experiment is shown in Fig. 12. The record is in two parts: 
in the first experiment the heart rate increased from 61 to 85/min when the 
fistula was opened (fistula flow 590 ml./min). The second record was taken 
approximately 35 min later, and during this interval the initial heart rate had 
risen to 99/min, and sinus arrhythmia was no longer obvious; when the 

fistula was opened (fistula flow 650 ml./min) acceleration did not occur, in fact 


Fig. 12. Dog, 15-2 kg; morphine, Dial-urethane and sodium pentobarbital. Effect of opening 
eS femoral arterio-venous fistula. A, fistula closed (sinus arrhythmia present); B, fistula 
open (flow 590 ml./min). Period of 35 min between records B and C. C, fistula closed (sinus 
arrhythmia absent); D, fistula open (flow 650 ml./min). 


_ the rate fell slightly to 93/min. Comparable results were obtained in the 
_ experiments depicted in Fig. 11: again cardiac acceleration was brought about 
by the opening of the fistula only when sinus arrhythmia was present. These 
_ results illustrate the wide range of initial heart rates at which sinus arrhythmia 
disappeared. In one dog (Fig. 12), sinus arrhythmia was no longer obvious at a 
_ heart rate of 99/min, but, in the other dog (Fig. 11), it was still observed with 
heart rate of over 190/min. 

_ It appeared that whether cardiac acceleration was brought about by the 
- opening of the fistula was related in some way to the presence of sinus arrhyth- 
_ mia; if sinus arrhythmia was absent, no increase in heart rate occurred when 
_ the fistula was opened. However, it was not clear whether the elicitation of an 
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increase in heart rate was directly associated with the presence of sinus 
arrhythmia, per se, or with the fact that the initial heart rate was slow, for 
sinus arrhythmia itself disappeared when the initial heart rate became fast 
(more than 120-170/min in most cases). Therefore further experiments were 
carried out to try to determine how far the alterations in rate were related 
directly to the presence of sinus arrhythmia. 

First, to determine whether the same degree of cardiac acceleration occurred 
when sinus arrhythmia was modified by changes in respiration, experiments 
were carried out in which the animal was subjected to positive pressure 
respiration. A typical record is shown in Fig. 13. The fistula was opened when 


A | B 


(6) 


Fig. 13. Dog, 21 kg; morphine, Dial-urethane and sodium pentobarbital. Optical recording. 
Effect of opening femoral arterio-venous fistula: A, fistula closed; B, fistula open (flow 
1190 ml./min). (a) Normal respiration. (6) Animal on positive pressure ventilation. 


the animal was breathing spontaneously, and the heart rate increased from 
54 to 75/min. Positive pressure ventilation, by means of a Starling pump 
connected to the tracheal cannula, was substituted at approximately half the 
previous rate, Sinus arrhythmia now took up the rhythm of the respiratory 
pump. When the fistula was opened again to give a similar flow (1190 ml./min), 
an almost identical increase in heart rate occurred. 

Secondly, in other experiments attempts were made to abolish sinus arrhyth- 
mia and still retain a slow initial heart rate. Sinus arrhythmia was abolished 
in two ways. In some cases the animal was hyperventilated on a respiratory 
pump: the pump was then disconnected and observations were made during 
the subsequent apnoea. In other dogs, a slow intravenous infusion of procaine 
amide was given (Ferguson et al. 1953). However, though sinus arrhythmia 
disappeared in each case, the initial heart rate became very fast, and no 
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further increase in rate occurred when the fistula was opened. It should be 
noted that Ferguson e¢ al. abolished sinus arrhythmia with a procaine infusion 
and still retained a slow heart rate, in experiments on dogs anaesthetized with 
morphine, Dial-urethane and sodium pentobarbital. 

_ Thus no further evidence was obtained in these experiments as to the signifi- 

_ cance of the observed association between the production of cardiac accelera- 
tion by the opening of the fistula, and the presence of sinus arrhythmia and a 
slow initial heart rate. 


Fig. 14. Dog, 12-5 kg; morphine, Dial-urethane and sodium pentobarbital. Effect. of opening 
| femoral arterio-venous fistula rapidly between A and B. Fistula flow 600 ml./min. 


_ Cardiac slowing. In a few experiments some evidence was obtained that the 
_ initial heart rate influenced not only the extent but also the direction of the 
_ alterations in rate brought about by opening the arterio-venous fistula. In the 
- mnajority of experiments in which sinus arrhythmia was absent, the heart rate 

_ did not alter when the fistula was opened, but in a few cases the rate decreased : 
examples of this cardiac slowing are shown in Figs. 11 and 12. The most 

pronounced slowing of the heart rate occurred in an experiment with a very 

_ fast control heart rate: when the fistula was opened the rate decreased from 
240 to 152/min. 

Ifthe fistula was opened rapidly, a transitory slowing of the heart ‘neil in 
some experiments in which sinus arrhythmia was present. This slowing was 
_ always associated with a gasp: this is well illustrated by the record shown in 
_ Fig. 14. In this experiment the heart rate increased from 65 to 83/min when 
44-2 
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the fistula was opened; the animal then gasped, and during the subsequent 
apnoea the rate fell to 70/min; when respiration started again the rate gradually 
increased to 94/min. In other experiments, the apnoea, the fall in arterial 
blood pressure and the cardiac slowing were prolonged for periods of up to a 
minute. The gasp and the subsequent cardiac slowing were particularly liable 
to occur when the fistula was opened suddenly in dogs anaesthetized with 
chloralose or with sodium pentobarbital: they were observed only rarely in 
experiments carried out under Dial anaesthesia, and not at all when the 
fistula was opened slowly over 2 or 3 min. 

Mean right atrial pressure. The stimulus for the Bainbridge reflex is said to 
be an increase in central venous pressure. Therefore mean right atrial pressure 
was measured (in the intact chest with reference to atmospheric pressure) to 
determine whether the increase in heart rate brought about by opening the 
fistula could be related to changes in central venous pressure. 

An initial increase in atrial pressure always occurred during the opening of 
the fistula, but subsequently variable changes were found. In some experi- 
ments, the initial increase in pressure was maintained; in others, the pressure 
continued to increase slowly for some time after the fistula had been opened ; 
in still further cases, the initial rise was followed by a gradual fall in pressure. 
This latter response is shown in Fig. 2: mean atrial pressure rose initially by 
about 2 cm H,0 as the fistula was opened, then, in spite of a constant fistula 
flow, the pressure fell slowly. In some experiments, as a result of this secondary 
fall, the final mean atrial pressure was less than that recorded before the fistula 
was opened. 

In the majority of experiments an initial record was made with the fistula 
closed and, for convenience, a further record was not made until the desired 
flow had been established through the rotameter, and until arterial blood 
pressure and heart rate were constant (see above). Hence the initial increase 
in atrial pressure, though always observed, was not always recorded. The 
records made in this way illustrate the variability of mean right atrial pressure 
when the fistula was open. Alterations which varied in both extent and direc- 
tion were frequently recorded in successive experiments on the same dog with 
similar fistula flows (Figs. 4, 5). However, the recorded changes in atrial 
pressure in different experiments were not always strictly comparable. Atrial 
pressure frequently altered with time, in spite of a constant fistula flow 
(e.g. Fig. 2); hence the recorded alterations in pressure depended to some extent 
on how soon the record was made after the fistula was opened. Though a record 
was made within a few seconds of the opening of the fistula in the majority of 
experiments, in a few cases as much as half a minute elapsed before heart rate 
and blood pressure were finally steady. 

Inconclusive though the measurements of mean atrial pressure appeared to 
be, nevertheless one important fact emerged; there was no obvious relation- 
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ship between the alterations in heart rate produced by the opening of the | 
fistula and the simultaneously recorded changes in mean right atrial pressure * 
measured with reference to atmospheric pressure. In successive experiments | 
on the same dog, similar fistula flows produced similar increases in heart rate 
whether mean right atrial pressure was the same, more, or less than that in - 
initial period (Figs. 4, 5). 

Temperature changes im the right atrium. In some experiments a thermo- : : 
couple, introduced through the external jugular vein, was used to determine 
whether there were any temperature variations in the right atrium as a result — ‘ 
of diverting arterial blood directly into the inferior vena cava, without it first 
being subjected to the cooling effect of the vessels of the lower limbs. No 
change in temperature was observed when the fistula was opened gradually 
over 2 or 3 min. If the few ml. of blood in the dead space of the rotameter r 
were allowed to cool, a fall of about 0-5° C occurred in the atrium when the 4 
fistula was opened suddenly, but the changes in heart rate were identical with 
those obtained in a previous experiment when the fistula was opened gradually. 
Therefore it seemed that the cardiac acceleration was not due to atienstions 3 in 

_ the temperature of the blood flowing to the heart. 
_ Cardrac output. The opening of the fistula usually produced a fall in mean 
_ arterial pressure when the compensator was not used, but in some cases mean 
pressure was unchanged and in a few experiments the pressure increased. 
_ These latter observations seemed to be at variance with the findings of most 
previous workers. Clearly the opening of the fistula led to a fall in total 
_ peripheral resistance (i.e. that of fistula plus animal): hence a fall in arterial t 
pressure was expected. There are two possible factors to compensate for the i 
fall in peripheral resistance produced by opening the fistula: a reflex vasocon- : 
striction and an increased cardiac output. Some investigators have reported - 
the occurrence of peripheral vasoconstriction when an arterio-venous shunt : 
_ was opened and arterial blood pressure fell (Cohen et al. 1949; Van Loo & 
- Heringman, 1949). In view of this evidence, it seemed possible that some reflex 
_ vasoconstriction occurred in the present experiments when the fistula was 
opened. But it is not clear how such a reflex vasoconstriction could compensate 
for the opening of the fistula in the experiments in which blood pressure did not 
_ fall. In view of the large increase in pulse pressure and frequency of pulsation 
- produced by opening the fistula, it would appear that if the mean pressure 
_ were reflexly brought back to the level that obtained before the fistula was 
_ opened, at least the original degree of sino-aortic impulse activity should be 
_ restored, and the stimulus for the vasoconstriction would no longer be present. 
_ The increase in mean arterial pressure that sometimes occurred when the 
fistula was opened would appear to be even more difficult to explain in terms of 
a reflex vasoconstriction mediated through the arterial baroceptors. 
- To determine how far the alterations in cardiac output could compensate for 
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the fall in total peripheral resistance when the fistula was opened, cardiac 
output was measured in a few experiments by the dye dilution method 
(Hamilton et al. 1948). In accordance with the findings of many other workers, 
it was found that the cardiac output increased on opening the fistula (see below). 
Clearly this would compensate to some extent for the fall in total peripheral 
resistance. 

In addition, it was found that the increase in cardiac output which occurred 
when the fistula was opened was approximately the same as the flow through 
the rotameter. A typical example makes this clear: a dog (35 kg), with an 
initial heart rate of 114/min and a mean arterial blood pressure of 150 mm Hg, 
had a cardiac output of 2-9 1./min. The fistula was opened until 770 ml./min 
was flowing through the rotameter; the cardiac output increased by 700 ml./ 
min to 3-6 1./min, and the heart rate and mean blood pressure increased respec- 
tively to 142/min and 151 mm Hg. Thus the 24% increase in cardiac output 
was approximately equal to the flow through the fistula. A similar relationship 
was found in another dog when the compensator was used to maintain arterial 
blood pressure: the rotameter flow and the measured increase in cardiac out- 
put were 360 and 420 ml./min respectively. This represented an increase of 
22% above the resting output (1-94 1./min; dog weight 16 kg). These observa- 
tions are at variance with those of Van Loo & Heringman (1949) who found 
that the increase in cardiac output was always less than the flow through the 
fistula. However, our results are in agreement with those of Frank, Wang, 
Lammerant, Miller & Wégria (1955) in the dog with the open chest. These 
workers reported that, with fistula flows of up to 20% of the control cardiac 
output, cardiac output increased by the amount of the flow through the fistula. 

The fact that the absolute increase in cardiac output was approximately 
equal to the flow through the fistula in these experiments suggested that the 
increase in cardiac output was the major factor in compensating for the fall in 
total peripheral resistance, and that in these circumstances no appreciable 
vasoconstriction occurred. In other words, it seemed that the peripheral 
resistance in the animal (other than the fistula) remained the same because 
there was the same flow with the same mean pressure head. The results 
obtained by Ferguson et al. (1954) and Frank e¢ al. (1955) also indicated that 
blood pressure may be maintained by such circulatory readjustments. 


DISCUSSION 


Most previous workers found that the cardiac acceleration produced by the 
opening of an arterio-venous fistula was accompanied by a fall in arterial 
blood pressure, which occurred in spite of a simultaneous increase in cardiac 
output and a reflex peripheral vasoconstriction. It was concluded, as a result 
of these and other observations, that both the vasomotor changes and the 
increase in heart rate were due to a decreased stimulation of the arterial baro- 
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ceptors resultant upon the fall in arterial pressure (Van Loo & Heringman, 
1949; Epstein et al. 1953; Glaviano, 1954). 

The present investigation was undertaken to determine whether the cardiac 
acceleration could be attributed to an alteration in venous return rather than 
toa fallin arterial pressure. Thus it first seemed necessary to determine whether 
the opening of a fistula would produce an increase in heart rate when the blood 
pressure was prevented from falling. The results of the experiments in which 
the arterial blood pressure compensator was used showed clearly that the 
increase in heart rate was not dependent upon a fall in arterial pressure. 
Indeed, in view of the work of Ead et al. (1952), the changes in the form and the 
frequency of the arterial pressure pulse that were produced by opening the 
fistula, when the compensator was used, seemed more aa to bring about 
cardiac slowing. 

In the majority of experiments in which the compensator was not used, 
mean arterial pressure fell when the fistula was opened. But in some experi- 
ments the mean pressure was unaltered and in a few cases it actually rose. These 

observations gave further support to the view that the alterations in heart rate 
were independent of the changes in arterial pressure: in successive experiments 
on the same dog, with the same fistula flow, there was an equal increase in rate 
whether the arterial pressure fell, remained the same, or rose. It is of interest 


to note that some other workers have reported that blood pressure did not fall — 


when a fistula was opened (Ferguson et al. 1954; Frank et al. 1955). 


Additional evidence on this point was provided by the results of the con- 


trolled bleeding experiments, in which it was found that a fall in arterial 
pressure, often greater than that produced by any opening of the fistula, did 
not cause cardiac acceleration. A number of experimental findings have been 
reported by other workers, which show that an increase in heart rate is not 
associated with a moderate haemorrhage, but if the haemorrhage is more 
severe then cardiac acceleration does occur. In dogs anaesthetized with mor- 
phine and sodium pentobarbital, the heart rate showed little or nochange when 
the blood volume was reduced by about 14% (average of thirty-seven dogs) 
(Remington, Hamilton, Caddell, Boyd & Hamilton, 1950). These authors 
attributed the delayed cardiac acceleration to the increased vagotonus induced 
by the morphine. In the case of the unanaesthetized human subject, the heart 
rate was found to increase in only one subject in ten when approximately 
11. was bled (Shenkin, Cheney, Govons, Hardy, Fletcher & Starr, 1944). 

; A further indication that the arterial baroceptors were not primarily con- 
cerned in the cardiac acceleration which occurred on opening the fistula was 
given by those experiments in which, though acceleration occurred when the 
fistula was opened, carotid clipping did not produce an increase in heart rate. 
It must be emphasized that it is not claimed that the heart rate was unaffected 
by alterations in arterial biood pressure in every case. That the heart rate 
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might be influenced to some extent by changes in arterial pressure was shown 
by the fact that carotid clipping produced cardiac acceleration in 50% of 
cases. 

By measuring the individual cardiac cycles, Glaviano (1954) has examined 
the alteration in heart rate immediately following the sudden opening of an 
arterio-venous fistula, and has argued that the instantaneous onset of the 
increase in rate in these circumstances can be explained only by an alteration 
in arterial baroceptor activity. However, it is also possible that the increase in 
venous return could play some part in the immediate cardiac acceleration. 
Obviously further experiments are needed to determine whether an increase 
in venous return could occur within the period of one or two heart beats suffi- 
cient to stimulate the ‘Bainbridge receptors’ and thus to elicit the immediate 
increase in rate. Nevertheless, in the present series of experiments the fistula 
was opened slowly, and a sudden fall in arterial pressure did not occur. In these 
circumstances it is evident, for the reasons given previously, that the increase 
in heart rate occurred independently of any particular change in arterial 
pressure, and some other explanation must be sought for the cardiac accelera- 
tion, 

The possible role of the chemoceptors in the events following carotid clipping 
and controlled arterial bleeding has been considered. Because there was no 
significant alteration in respiration when the fistula was opened slowly, it is 
felt that the chemoceptors played no important part in producing the increase 
in heart rate in this case. 

Evidence has already been presented to indicate that the increase in rate 
was not due to alterations in the temperature of the blood flowing to the heart, 
which might have occurred as a result of diverting arterial blood directly into 
the inferior vena cava without it first being subjected to the cooling er of 
the lower limbs. 

Because part of the fistulous opening between the femoral artery and vein 
consisted of glass and rubber tubing, we have considered the possibility that 
substances such as 5-hydroxytryptamine were liberated and were responsible 
for some of the phenomena produced by the opening of the fistula. The occur- 
rence of respiratory and cardiovascular disturbances after injection of 
5-hydroxytryptamine is well known. In the cat, apnoea followed by hyper- 
pnoea, a fallin blood pressure and bradycardia were found (Reid, 1952; Comroe, 
Van Lingen, Stroud & Roncoroni, 1953; Mott & Paintal, 1953; Ginzel & 
Kottegoda, 1954). In the dog, no apnoea before the hyperpnoea was observed, 


the blood pressure response was protean and bradycardia always occurred 


(Douglas & Toh, 1952; Page, 1952). Thus the gasp, apnoea, fall in arterial 
blood pressure and bradycardia which was occasionally seen when the fistula 
was opened rapidly, particularly in dogs anaesthetized with chloralose or with 
sodium pentobarbital, may have been due to such a chemical stimulus. It is of 
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interest to note that, in experiments carried out under sodium pentobarbital 
anaesthesia, Nickerson, Cooper, Robertson & Warren (1951) found on many 
occasions that the dog made a deep inspiration when an arterio-venous fistula 
was opened quickly. | 

But the cardiac acceleration which followed the opening of the fistula is 
considered not to be the result of such a stimulus. In neither the cat nor the 
dog has it been shown that the heart rate increased after 5-hydroxytryptamine. 
Again, whereas the response to injections of 5-hydroxytryptamine showed 
tachyphylaxis in both the cat and the dog, the fistula could be opened again 
within a minute and an identical increase in heart rate obtained. In addition, 
cardiac acceleration also occurred when a permanent surgical arterio-venous 
anastomosis was opened, either in man (Cohen et al. 1949) or the experimental 
animal (Ferguson et al. 1954; Glaviano, 1954), and under these conditions the 
blood was in contact only with vascular endothelium. 

For a given initial heart rate, the extent of the increase in rate appeared to be 
related quantitatively only to the flow through the fistula. A number of 
_ workers have reported large increases in cardiac output after the opening of an 
arterio-venous fistula, and, as far as could be determined from their results, the 
increase in cardiac output appeared to be related to the size or the number of 
the fistulous openings (Harrison, Dock & Holman, 1924; Cohen et al. 1949; 
Epstein -e¢ al. 1953; Ferguson et al. 1954). Frank et al. (1955) found that, 
within a certain range of fistula flows, cardiac output increased by the amount 
of the flow through the fistula; however, their experiments were made on the 
dog with the open chest. In a few of the present experiments the increase in 
output was found to be of the same order as the flow through the fistula, but a 
_ larger series of simultaneous measurements of cardiac output and fistula flow 
is needed to substantiate this observation in the case of the dog with the 
unopened chest. Nevertheless, though the exact relationship between the total 
venous return and the fistula flow is still in doubt, it seems clear that in general 
the total venous return to the heart increased with the flow through the fistula. 
_ Hence, for a given initial heart rate, the extent of the increase in rate appeared 

to be related to the increase in total venous return to the heart. 

The effective stimulus for the Bainbridge reflex is said to be an adequate rise 
_ in central venous pressure (Bainbridge, 1915). In this regard there was found 
_ to be no agreement in the literature that central venous pressure (measured in 
_ relation to atmospheric pressure) increased when an arterio-venous shunt was 
_ opened (Lewis & Drury, 1923; Warren, Brannon & Cooper, 1947; Cohen et al. 
_ 1949; Van Loo & Heringman, 1949; Nickerson et al. 1951; Epstein e¢ al. 1953; 
= Frank et al, 1955). | 
_ In the present series of experiments, the opening of a fistula was found to 
produce variable changes in mean right atrial pressure (measured with 
reference to atmospheric pressure), and simultaneous observations of heart 
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rate and mean atrial pressure showed no obvious relationship. Since the same 
increase in heart rate occurred when the fistula was opened, whether atrial 
pressure (when recorded in this way) increased, decreased or remained the 
same, it may seem that an increase in atrial pressure, per se, was not the 
stimulus for the increase in rate. However, a true measure of the distending 
force within the atrium will be obtained only by recording effective atrial 
pressure. 

Vagal afferent impulses have been eas which appear to be related to 
particular points in the atrial pressure cycle (Neil & Zotterman, 1950; Paintal, 
1953}---It is not clear what effect these impulses have upon the cardiovascular 
system, and particularly upon the heart rate, but it is possible that changes 
in the rhythm and in the form of the atrial pressure curve (dynamic atrial 
pressure), apart from alterations in the height of the mean pressure, may play 
an important part in determining the stream of afferent impulses generated by 
a rise in atrial pressure. While it is beyond the scope of this paper to discuss in 
detail the changes in dynamic atrial pressure brought about by opening the 
fistula, it can be seen (Fig. 8) that marked changes were found which could not 
have been revealed in a mean pressure tracing. Therefore, bearing in mind the 
work of Ead et al. (1952) on the nature of the effective stimulus for the arterial 
baroceptors, it seems important that further measurements should be made of 
the changes in dynamic effective atrial pressure, in order to investigate the pos- 
sible relationship between atrial pressure and the adequate — for the 
Bainbridge reflex. 

Cardiac acceleration was elicited by opening the fistula only in the presence 
of a slow initial heart rate (not more than 120-170/min in most cases). In 
addition, for a given fistula flow the extent of the increase in rate appeared to 
be related inversely to the initial heart rate. In some recent experiments 
(Coleridge & Linden, 1955), it was found that the alteration in heart rate pro- 
duced by intravenous infusions of blood or saline was apparently dependent 
largely upon the initial heart rate: cardiac acceleration occurred when the 
initial heart rate was slow, and cardiac slowing when the initial rate was fast. 


In the infusion experiments, the initial heart rate, above which no further in- 


crease in rate was produced by an infusion, varied widely from dog to dog. 
A comparable variation was seen in the present experiments. 

However, the results of the infusion and fistula experiments differed in one 
respect. In over 200 observations, the opening of the arterio-venous fistula 
brought about an increase in heart rate only when the initial heart rate was 
sufficiently slow for sinus arrhythmia to be present. But the elicitation of 
cardiac acceleration by an infusion was not dependent upon the presence of 
sinus arrhythmia ; indeed, with some anaesthetics (e.g. morphine, chloroform 
and ether), sinus arrhythmia was not observed at any time. In addition, an 
examination of the records in Bainbridge’s paper (1915) revealed that sinus 
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arrhythmia was absent in many of his experiments conducted under morphine, 
chloroform and ether. 

It seemed important to determine whether the presence of sinus arrhythmia, 
per se, was essential for the production of cardiac acceleration by the opening 
of the fistula. However, attempts to abolish sinus arrhythmia and still to retain 
a slow heart rate failed, and no further evidence was obtained about the possible 
significance of sinus arrhythmia in these observations. In this connexion, the 
results of Ferguson et al. (1954) seemed to indicate that the presence of sinus 
arrhythmia was not essential for the elicitation of cardiac acceleration by the 
opening of a fistula; these workers reported large increases in heart rate when 
an arterio-venous shunt was opened in dogs in which sinus arrhythmia had 
been abolished by an infusion of procaine amide. 

Nevertheless, it seems possible to offer some explanation for the apparent 
dependence of the elicited cardiac acceleration on the presence of a relatively 
slow initial heart rate. The Bainbridge reflex is said to be brought about 
predominantly by a release of vagal restraint (Bainbridge, 1915; Sassa & 
Miyazaki, 1920). Similarly, the available evidence indicates that the accelera- 
tor nerves to the heart do not play an important part in producing the increase 
in rate when the fistula is opened, and that the main efferent path is vagal 
(Lewis & Drury, 1923; Glaviano, 1954). Hence neither an intravenous infusion 
nor the opening of an arterio-venous fistula would bring about an increase in 
heart rate unless vagal restraint were present initially. 

If the accelerator phase of sinus arrhythmia were also due to a an petiodic 
decrease in vagal efferent activity, the association noted in the present 

experiments might be explained ; for both sinus arrhythmia and the elicitation 
of cardiac acceleration by the opening of a fistula would require some initial 
vagal restraint for their exhibition. During the course of some of the present 
experiments, the initial heart rate gradually increased until sinus arrhythmia 
- was no longer observed, and, in these circumstances, when the fistula was 
opened, the heart rate did not increase further. But although sinus arrhythmia 
was absent and the opening of the fistula did not elicit cardiac acceleration, 
clearly some residual vagal restraint was still present at this time because a 
_ further marked increase in heart rate occurred after bilateral vagotomy. Hence 
_ it is possible that, for the opening of the fistula to produce cardiac acceleration 
under the conditions of these experiments, there had to be a degree of vagal 
restraint sufficient to allow sinus arrhythmia to occur. 
So far we have considered only the efferent side of the reflex mechanisms 
that may be responsible for sinus arrhythmia and the Bainbridge reflex. On 
the other hand, it may be that these phenomena are linked rather by some 
- common afferent mechanism. In this regard it is interesting to note that 
_ Bainbridge (1920) suggested that the accelerator phase of sinus arrhythmia 
- was due to an increase in venous return which resulted from the lowering of 
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intrathoracic pressure during inspiration. Hence the apparent association 
between the presence of sinus arrhythmia and the elicitation of cardiac accelera- 
tion by the opening of the fistula might be related in some way to the fact that 
both were manifestations of the Bainbridge reflex. It is important to remember, 
however, that the question of sinus arrhythmia is more complex than was 
suggested by Bainbridge’s hypothesis; indeed it seems probable that more 
than one mechanism is concerned in the production of sinus arrhythmia 
(Anrep, 1936). 

When the initial heart rate was high, intravenous infusions produced cardiac 
slowing (Coleridge & Linden, 1955). It will be remembered that the heart rate 
slowed in a few of the present experiments when the fistula was opened, and 
that this occurred only if sinus arrhythmia was absent (unless the animal 
gasped). The significance of these observations is not clear. 

In conclusion, it is not claimed that variations in arterial baroceptor stimula- 
tion (due to alterations in systemic blood pressure) have no effect upon the 
heart rate: but the results indicate quite clearly that, under the particular 
experimental conditions existing at the time, the cardiac acceleration which 
followed the opening of the fistula was not dependent upon a fall in arterial 
blood pressure. Since the cardiac acceleration appeared to be related to the 
increase in venous return, it is suggested that the opening of the arterio-venous 
fistula is a convenient and simple way of experimentally regulating the venous 
return in an investigation of the Bainbridge reflex in the animal with the intact 
chest. The method would appear to circumvent many of the difficulties 
_ attendant upon the use of infusions to increase venous return or upon the 
distension and perfusion of isolated parts of the cardiovascular system. 


SUMMARY 

1. Experiments were performed on anaesthetized dogs to determine whether 
the cardiac acceleration produced by opening a femoral arterio-venous fistula 
could be related to an increase in venous return rather than to any alteration 
in arterial blood pressure. | 

2. The results indicated that under the conditions of these experiments 
the increase in heart rate was not dependent upon a fall in arterial blood 
pressure. 

3. On opening the fistula the heart rate increased only when sinus arrhyth- 
mia was present. In general, sinus arrhythmia was present when the heart rate 
was low (not more than 120-170/min in most cases). 

4. The increase in heart rate, which occurred when the fistula was opened if 
sinus arrhythmia was present, appeared to be related directly to the measured 
flow through the fistula. Cardiac output was measured in a few experiments, 
and, when the fistula was opened, the cardiac output increased approximately 
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by the amount of the flow through the fistula. It is suggested therefore that 
the increase in heart rate was related quantitatively to the increase in venous 
return. 

5. The opening of the fistula produced variable changes in mean right atrial 
pressure (measured with reference to atmospheric pressure) which could not be 
related to alterations in heart rate. 

6. It is suggested that the opening of an arterio-venous fistula is a con- 
venient method for experimentally regulating the venous return in any further 
investigation of the mechanisms of the Bainbridge reflex. 


We wish to thank Prof. A. Hemingway for much advice and criticism, Dr W. J. Allen for help 
in the measurement of atrial temperature and Mr D. Millson for help in the measurement of 
cardiac output. Part of the cost of these experiments was defrayed by a grant from the Medical 
Research Council to Prof. A. Hemingway. 
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THE EFFECT OF EMOTION AND HORMONES ON THE 
CONCENTRATION OF GLUCOSE AND EOSINOPHILS 
IN HORSE BLOOD 


By F. ALEXANDER anp R. W. ASH* 


From the Department of Veterinary Pharmacology, 
University of Edinburgh 


(Received 27 June 1955) 


It has been suggested that a ‘relative deficiency of the pituitary-adrenal gland 
mechanism’ might explain the low blood sugar levels which are found in 
ruminants (Zarrow, Denison, Rosenberg, Mann & Neher, 1952); these authors 
support their thesis with the observation that handling failed to produce an 
eosinopoenia in sheep. However, a more probable explanation of the low blood 
sugar level in sheep lies in the rapid fermentation of carbohydrates in the 
rumen of these animals (Phillipson & McAnally, 1942). Thus, the ruminant 
is probably dependent on the conversion of propionate as the main source of 
blood sugar (Reid, 1950). This explanation is supported by experiments on the 
horse, a herbivore with a much higher blood sugar level and in which fermenta- 
tive digestion takes place after soluble carbohydrates have been absorbed — 
(Alexander, 1955). It seemed of interest, therefore, to determine the effect of 
handling and of the administration of adrenaline, insulin and ACTH on the 

blood sugar level and eosinophil count in the horse. 


Six ponies were used in the experiments described here, although most of the results were obtained . 
from four of them. They weighed between 150 and 250 kg, and were between 3 and 4 years old. 
The animals were maintained on a diet of hay supplemented by 0-45 kg oats per pony per day. 
. Blood was drawn from the jugular vein into dry 5 ml. syringes and transferred into small 
bottles. Blood samples intended for glucose estimations contained sodium fluoride and for 
haematology balanced ammonium and potassium oxalate. 
_ The concentration of glucose was determined by the method of Somogyi (1952), used in con- 
_ junction with Nelson’s (1944) chromogenic reagent. 
The eosinophil counts were conducted within 1 hr of taking the blood sample, used Randolph’s 
(1949) method. The blood was diluted 1:20 in a white cell pipette, rotated gently for 30 sec and 
_ plated into two Fuchs-Rosenthal double counting chambers. The charged chambers stood for 


* Present adress: Rowett Research Institute, Bucksburn, Aberdeenshire. 
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10-15 min for staining and settling. The horse eosinophils at 100 diam. appeared as well-defined 
large round cells containing refractile granules staining pink with phloxine. Four chambers were 
counted and the mean taken. | 

The drugs used were adrenaline hydrochloride 1: 1000 (Parke-Davies), ‘Cortrophin Z’ (ACTH 
Long Action, Organon Laboratories), and insulin 40 units/ml. (B.D.H.). 


RESULTS | 
Effect of handling on the eosinophil count 
Blood was withdrawn at 2 hr intervals and the eosinophils counted. These 
results are shown in Fig. 1.. Half an hour after the first blood sample was taken 
the ponies were ‘trotted’ for 10-15 min and one of them (‘Ginger’) taken into 
traffic; this was a novel experience for ‘Ginger’ and clearly distressing. 
Handling and venepuncture failed to produce any marked fall in the total 
eosinophil count. | 


600 i 


400 F 


Celts/mm? blood 


100 F 


12 4 8 10 
Time 
Fig. 1. The effect of handling and repeated venepuncture on the circulating eosinophils. 


Effect of adrenaline 

The concentration of glucose and the number of circulating eosinophils was 
determined before and, at intervals, after the subcutaneous injection of 
adrenaline. Fig. 2 shows the effect of two different doses of adrenaline on the 
blood sugar and eosinophil count of the same pony. Similar results were 
obtained from experiments on three other ponies, The doses of adrenaline 
given produced skin twitching, sweating and transient signs of abdominal 
discomfort. The sweating was especially noticeable around the site of the 
subcutaneous injection, an observation described previously for intradermal 


$ 
3 dete 
3 
4 
500 
\ 
4 
00 
00 
Ginger 
Jud 
Handling 
x 
@—® Blackie 
3 Bush 
2 
4 
| as 
4 r 
4 du 


GLUCOSE AND EOSINOPHILS IN BLOOD 705 


_ injections by Evans & Smith (1954). Since, in contrast to most other animals, 
_ adrenaline did not cause an eosinopoenia in the horse, it was essential to 
_ determine whether the adrenocorticotrophic hormone itself would — 
_ this effect. 


200 r 


50 
@—® Adrenaline, 25ug/kg 
O—O Adrenaline, 10ug/kg 
fin 
0 


Cells/mm? blood 


0 1 2 3 4 5 
Hours 
Fig. 2. The effect of adrenaline on the eosinophil count and blood sugar. 
Effect of ACTH 


Table 1 shows the effect of ACTH on the eosinophil count. In every case, 


: ACTH, when given in a sufficient dosage, caused a marked decrease in the 
_ circulating eosinophils in the horse. In two out of four ponies ACTH produced 


a small increase in blood sugar concentration. 


Effect of insulin 

- The experiments with ACTH showed that an eosinopoenia could be pro- 

_ duced in the horse by this hormone, although adrenaline failed to produce 

- such an effect. Experiments were then carried out to determine whether stress 
such as —— would produce an eosinopoenia. Insulin was given in 
45 
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doses sufficient to cause a marked hypoglycaemia. This was always associated 
with an eosinopoenia. The results of a typical experiment are shown in Fig. 3. 
It was of interest to note that only on two occasions in the course of twelve 
experiments on six different animals were clinical signs of hypoglycaemia 
noted. These signs consisted of inco-ordinated movements of the limbs, 
staggering, sweating, increased secretion of tears and rapid respirations. The 
two animals showing these signs did not show them on repeating the experi- 
ment, even though a similar degree of hypoglycaemia was produced. 

This lack of clinical signs of hypoglycaemia in the horse made it important 
to determine whether the eosinopoenia produced by insulin was due to the 
hypoglycaemia and not to some other action of insulin. The ponies were given 


ioe Taste 1. Effect of ACTH on the circulating eosinophils 
Eosinophils/mm* blood 
Animal (units) 
Blackie 80 476 305 345 275 227 131 61 — 25 3 0 548 
G 40 242 173 200 176 161 114 63 47 81 12 #21 50 
B 40 309 — 246 — 189 89 388 —- — — — — 
Judy 300 488 246 — 100 — — — 
100 
8 
sok 
E 


Insulin i.v 
| 0.4 unit/kg 


6 12 24 
Fig. 3. The effect of insulin on the eosinophil count and blood sugar. 
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_ doses of insulin adequate to produce hypoglycaemia, but this was prevented 
by the administration of glucose by stomach tube. The results of a typical 
experiment are shown in Fig. 4. It was found that when the hypoglycaemic 
effect was antagonized by glucose no eosinopoenia was produced. This showed 
_ the eosinopoenia produced by insulin to be related to the hypoglycaemia. 

In one experiment 10 mg cortisone was injected subcutaneously. This dose 
had no effect on the blood sugar or eosinophil count. In view of the results 


shown in Table 1 the dose of cortisone was probably too small to produce an 


effect. 
| 100 r- 
8 
> 
200 g 100g 100g 100g 
| glucose per os 
3 
100 - 
Insulin 
0-4 unit/kg 
Hours 


Fig. 4. The antagonism of the effect of insulin by oral glucose. 


Effect of histamine 
It has been suggested that both insulin and histamine cause a release of 
ACTH through the mediation of adrenaline. However, these experiments 
showed that insulin produced an eosinopoenia in a species in which adrenaline 
did not. When histamine was injected intravenously in a dose sufficient to 
cause clinical signs it also produced a rise in the blood sugar level and a fall in 
_ the number of circulating eosinophils (Fig. 5): the pony showing an increased 
_ respiratory rate, abdominal discomfort, defaecation, sweating, lachrymation 
and nasal secretion. 
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= 


Glucose, mg 100ml. blood ” 


Bo 


Cells/mm? blood 
= 
q 


Fig. 5. The effect of histamine on the eosinophil count and blood sugar. 


DISCUSSION 


Zarrow et al. (1952) claim that sheep possess a ‘relative deficiency in the 
pituitary-adrenal mechanism’, support this claim with evidence that handling 
failed to cause an eosinopoenia and suggest that the low blood sugar of these 
animals is due to this deficiency. Since horses have a blood sugar level almost 
twice as high as sheep (Alexander, 1955), according to the hypothesis of 
Zarrow et al. they should show an eosinopoenia on handling. The results given 
here did not support this, the ponies behaving in a similar fashion to sheep. 

When the effect of adrenaline was tested on ponies it failed to cause an 
eosinopoenia even when given in doses which produced hyperglycaemia and a 
degree of distress in the animal. This observation appeared to distinguish the 
response of the circulating eosinophils of the horse from those of the sheep 
(Zarrow et al. 1952). However, it was only when these workers increased the 
dose of adrenaline until a fivefold increase in blood sugar was obtained that the 
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sheep showed an eosinopoenia; doses of adrenaline sufficient to produce a 
twofold increase did not cause an eosinopoenia. Since the anterior pituitaries 


of rats have been shown to be stimulated by doses of adrenaline too small to 


cause a rise in blood sugar (Gershberg, Fry, Brobeck & Long, 1950) and a dose 
of 0-3 mg adrenaline has been recommended as adequate to produce a 50% 
- fall in cireulating eosinophils of patients (Recant, Hume, Forsham & Thorn, 
. 1950), the eosinopoenia produced in sheep by very large doses of adrenaline 
_ does not resemble the response of most other animals. In fact the sheep’s 
response to handling and adrenaline resembled that of the horse. 


Long and his associates (McDermott, Fry, Brobeck & Long, 1950) have 


_ suggested two separate mechanisms responsible for releasing ACTH, one of 
_ these depending on the reflex secretion of adrenaline. They suggested that the 
- eosinopoenia produced by histamine and insulin was due to these drugs 


_ releasing adrenaline from the adrenal medulla. However, it has been shown 


as 
wi 
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_ that these drugs cause the release of ACTH from demedullated animals 
(Gordon, 1950; Vogt, 1951). The results described here support the latter 
_ findings as histamine and insulin produced an eosinopoenia in an animal in 
_ which adrenaline did not. 


It is difficult to explain why, in the horse, insulin produced an eosinopoenia 


_. without there being clinical signs of hypoglycaemia. A probable explanation 
_ may be that those parts of the central nervous system which, in other species, 
respond to a lack of glucose by causing convulsions and coma are, in the horse, 
insensitive to hypoglycaemia, although the anterior and/or that 


part of the c.n.s. controlling it, are sensitive. 


SUMMARY 
1. Handling and repeated vene-puncture failed to produce an eosinopoenia 


ponies. 


2. Adrenaline in doses adequate to produce hyperglycaemia did not cause 
an eosinopoenia. 

3. ACTH in adequate dosage produced an eosinopoenia. 

4. Insulin produced hypoglycaemia and eosinopoenia in the horse with only 


_ occasional signs of distress. The eosinopoenia was due to the hypoglycaemia. 


5. Histamine in doses which caused clinical signs also produced an eosino- 
poenia and hyperglycaemia. 


carried out. 


We wish to thank Dr M. Vogt, F.R.S., for criticizing this manuscript, and the Racecourse 
_ Totalisator Charities Trust for their generosity in making a Grant which enabled this work to be 
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5-HYDROXYTRYPTAMINE IN NORMAL HUMAN PLATELETS 


By R. M. HARDISTY anp R. 8. STACEY 


_ From the Departments of Pathology and Therapeutics, 
St Thomas’s Hospital Medical School, London, S.E. 1 


(Received 13 July 1955) 


- It has been shown by Humphrey & Jaques (1954) and by Udenfriend & 
- Weissbach (1954) that 5-hydroxytryptamine (HT) in the blood is carried 
_ almost entirely by platelets. This suggested that light might be thrown on the 
_ physiological function of HT by an inquiry into its concentration and distri- 
_ bution in blood disorders, especially those in which platelet formation and 
_ function are abnormal. Some preliminary work showed that there is, in fact, 
_ a very marked reduction in both the whole blood and platelet content of this 
_ substance in certain diseases. The work reported here, a preliminary account 
_ of part of which has already appeared (Hardisty & Stacey, 1955), was carried 

- out in order to establish a reliable method for estimating HT in blood, to 
_ determinine standards for normal human subjects and to develop a method 
_ for evaluating the ability of platelets to absorb HT. . 


METHODS 


| Platelet-rich plasma. Blood obtained by clean venepuncture with a siliconed syringe and needle 
was transferred to a siliconed centrifuge tube containing either disodium ethylene-diamine tetra- 
acetate (1-0 g/100 ml. 0-9% sodium chloride) or sodium citrate (3-1 g/100 ml.) in the proportion 
of 1 to 9 vol. blood. After mixing by gentle inversion, the blood was centrifuged for 10-20 min at 
100g, the platelet-rich plasma separated and platelet counts made on it and on the whole blood 
from which it was derived, using the method of Baar (1948). 
Serum. Venous blood in a bottle containing glass beads was revolved on an inclined turn-table 
_ at room temperature for 1 hr to ensure completion of the coagulation process. It was left over- 
night in the refrigerator and the serum separated next morning. 
3 Packed platelet volume. A bulbed capillary tube, similar in shape to the thrombocytocrit 
described by Van Allen (1926), but having a capacity of 1 ml., was used. The capacity of the 
capillary portion was 30yl. and was calibrated by weighing. The tube was siliconed and filled by 
suction with platelet-rich plasma to the 1 ml. mark, sealed at the lower end with plasticine and 


i centrifuged at 2000 g until there was no further change in the volume of the packed platelets. 


_ Estimation of HT in human plasma, serwm and whole blood. One volume plasma, serum or whole 
blood was mixed with 19 vol. acetone and left overnight in the refrigerator. After filtration the 
precipitate was re-extracted and washed with 95% (v/v) acetone, and the acetone removed from 
_ the combined filtrates in vacuo, the temperature being kept below 35° C. The residue was assayed 
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against 5-hydroxytryptamine creatinine sulphate on the rat uterus in pre-oestrus superfused 
(Gaddum, 1953a) at 26-30° C with low-calcium Locke solution (Beauvillain, 1943; Gaddum, 
Peart & Vogt, 1949) with the composition NaCl 9-0, KCl 0-42, CaCl, 0-06, NaHCO, 0-5, glucose 
0-5 g/l. and containing atropine (10-*). Rats weighing 150-200 g were prepared by the s.c. in- 
jection of 0-1 mg oestradiol monobenzoate 18 hr before death. Superfusion was at the rate of 
2-3 drops/sec and the unknown and standard solutions were applied at the rate of 1 drop/sec for 
15 sec (smaller volumes of solutions can be used, but contractions are then less uniform). Super- 
fusion was interrupted during addition of HT solutions and for 15 sec subsequently. The interval 
between doses was usually 4 min, but sometimes 3 min intervals could be used without tachy- 
phylaxis developing. Results are expressed in terms of HT base, Amin, Crawford & Gaddum 
(1954) have shown that this method of extraction and assay avoids interference by potassium 
salts, substance P, posterior pituitary hormones, adenosine compounds, histamine and acetyl- 
choline. Further evidence that the contractions observed were entirely due to HT, or some closely 
_ related substance, was obtained by adding lysergic acid diethylamide (Gaddum, 19536) to the 
superfusing solution to give a concentration of 5 x 10-*, when the responses to extract and standard 
were progressively inhibited but those to oxytocin remained unchanged. 

Since HT in blood is normally contained entirely within the platelets if precautions are taken to 
avoid damage to them, assays on platelet-rich plasma enable the mean HT content of the platelets 
to be calculated, From this and the whole blood platelet count, the HT concentration in whole 
blood can be derived. In some disease states large amounts of HT may be found free in the 
plasma; this must be allowed for in calculating the whole blood HT content. 

Absorption of HT' by human platelets. 1 ml. portions of platelet-rich plasma were pipetted into 
centrifuge tubes (all glassware being freshly siliconed) and warmed in a water-bath to the required 
temperature. 0-2 ml. HT solution (7-2 ug/ml.) was added to each, giving a final concentration of 
1-2, ug/ml., which was found to be optimal for absorption. The tubes were incubated for varying 
periods and then cooled to 0° C, centrifuged at 2000 g for 20 min and after pouring off the super- 
natant liquid left to drain for a few minutes. Drops of plasma adhering to the tubes were removed 
with filter-paper and the platelets re-suspended in 0-5 ml. distilled water by vigorous stirring. 
The HT in the platelets was extracted with acetone and assayed as above. Certain errors are 
inherent in this procedure. A refrigerated centrifuge was not available, and no doubt some 
further reaction occurred during centrifuging. This was kept to a minimum by cooling tubes 
and buckets thoroughly. In the second place, since platelets were not washed after pouring off the 
supernatant liquid containing HT, traces of this solution remained in the tubes. The error intro- 
duced in this way was estimated by adding Evans blue to a platelet suspension and measuring 
colorimetrically the amount remaining after centrifuging and pouring off the supernatant fluid. 
With the solution of HT used, less than 1 ng would be left in the tube, giving an error of less than 
1% in the final estimation. 


RESULTS 


Comparison of assays on whole blood and on plasma. The HT contents of 
stored human whole blood and of the plasma obtained from it were determined. 
The results of four experiments are shown in Table 1, together with the 
expected whole blood concentrations calculated from the plasma concentration 
and packed cell volume. From this it may be seen that about half the HT in 
plasma is lost when whole blood is extracted. 

Recovery of HT from red cell suspensions. The HT concentration in a 
suspension of packed human red cells in an equal volume of saline was deter- 
mined before and after the addition of HT. Recovery was less than 40% 
(Table 2). The potassium concentration of the extracts of suspensions A and B 
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_ were measured and found to be too low to affect the assays (10 and 13,g. 
_ K/ml. respectively). Toh (1954) recovered 16% added HT from dog blood 
- using a different method of extraction and assay. : 

Recovery of HT from plasma. In these experiments plasma obtained from 
_ stored citrated blood was used. Table 2 gives the results of four experiments in 
_ which the HT in the plasma was assayed before and after the addition of 

known amounts of HT. The recovery was over 95°% in each experiment. 


Tasie 1. Comparison of HT estimations on whole blood and plasma 


(stored blood) 
ng HT in 1 ml. of 
Whole Whole 
blood blood (a) as 
(observed) (calculated) of? 
Expt. P.C.Y, (a) Plasma (b) (b) 

1 38 20 76 47 43 

2 44 ll Ad 25 44 

3 20 80 170 136 ' §9 

4 38 16 60 37 43 

TaBLe 2, Recovery of HT from plasma and from B.B.C, suspensions 

. HT present 
initially HT added _— Total HT found Recovery 

(ng/ml) (ng/ml) (%) 
 B.B.0. A 8 720 728 250 34 
- guspension 8B 0 720 720 165 23 
C 1] 720 731 294 40 
Plasma A 40 200 240 20. 100 
B 230 720 950 910 «6 
C 192 720 912 950 104 
D 35 720 755 780 103 


_ Comparison of HT in serum and whole blood. Serum has been used for HT 
: estimations by others, and a comparison was therefore made of the HT content 
of serum obtained from twenty-four normal subjects with the HT content of 
_ the corresponding whole blood, calculated as described from the HT content 
of platelet-rich plasma and the platelet count. The results (Fig. 1) show that 
_ the concentration in the serum is always less than in the whole blood, although 
1 ml. serum is derived from considerably more than 1 ml. blood. The points 
are widely scattered, although the blood specimens were treated similarly 
during the time of release of HT from the platelets and its diffusion into the 
serum, It must be concluded that when blood clots, only part of the HT in 
_ the platelets reaches the serum and that this is probably not a constant fraction. 
This is in agreement with the observation of Zucker & Borrelli (1955) that 
_ recaleified platelet-rich plasma gives a higher yield of HT on clotting than is to 
_ be found in serum derived from the same blood. 

HT content of normal human platelets and blood. From the above it is 
_ apparent that calculation of the whole blood HT from the estimation on 
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platelet-rich plasma gives a more reliable figure than can be obtained from the 
estimation on whole blood directly, or on serum. This method was therefore used 
in the construction of the frequency histograms shown in Fig. 2 which are based 
on data from thirty-five normal subjects, twenty-three male and twelve 
female. The mean HT concentrations were: 57+18ng/10® platelets and 
160 +60 ng/ml. blood. Platelet counts and blood HT concentrations were 
slightly higher in the male subjects but the difference was not migniiioant 
(P>0-1). 


300 
Males 

260F- © Females e 

740K 

220 


ng HT/ml. blood 


20r- 


0 10 20 30 40 50 60 70 80 90 100 110120 
ng HT/ml. serum 
Fig. 1. Blood HT concentration plotted against the corresponding serum HT 
concentration (twenty-four normal subjects). @, males; ©, females. 


Concentraiton of HT in platelet substance. The packed platelet volume was 
estimated in five subjects, and from this the HT concentration in platelet 
substance was calculated. The results were: 

Packed platelet volume: 1-7 1./10° platelets (range 1: 5-1-8 yl.); 4:2 ul./ml. 
blood (range 3+2-5-9 l.). 

Platelet HT concentration: 49ugHT/ml. platelet substance (range 
38-67 1g). 

Absorption of HT by platelets. Humphrey & Toh (1954) have observed 
absorption of HT by washed (dog) platelets in vitro at room temperature. When 
we repeated their experiment with human platelets we failed to get appreciable 
absorption, but on raising the temperature to 37° C rapid absorption took 
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place. In subsequent absorption experiments we have used platelet-rich 
plasma because we wished to avoid damage to platelets as far as possible and 
to simulate natural conditions. When platelet-rich plasma is incubated with 
a large excess of HT at 37°C the platelets at first absorb HT rapidly. The 
rate of absorption then declines exponentially until after 75 min little further 
absorption takes place. Fig. 3 shows a composite curve obtained by averaging 
results derived from experiments on seven normal subjects, together with the 
_ highest and lowest curves in the series. There is considerable variation in the 
amount of HT which platelets from normal subjects will take up, and it is of 


Mean 57 Mean 160 - 

10+ 


No. of subjects 


T 


0 15 30 45 60 75 90 105120 0 50 100 150 200 250 300 350 
ng HT/10® platelets ng HT/ml. blood 


Fig. 2. Histograms of HT content of (a) 10* platelets, and (6) 1 ml. whole blood _ 
in thirty-five normal human subjects (twenty-three male, twelve female). 5 


_ interest to compare the initial content of the platelets with the content after 1 
_ 75 min when the platelets are approaching saturation. This is recorded in . 
Table 3, which shows that platelets in vivo contain about one-third of the 
HT that they are able to hold after saturation in vitro. For five specimens in 
which the packed-platelet volume was measured the mean concentration of 
HT in platelet substance after incubation was 170 ug/ml. 
The effect of temperature on the absorption of HT by platelets is shown in 
Fig. 4, which gives the results of a typical experiment in which portions of the 
same platelet-rich plasma were incubated with excess HT at different tem- 
peratures for 40 min, the platelets being then spua ~* and the HT in them 
estimated. The ordinates are proportional to the mean rate of absorption over 
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this period at the different temperatures, and it will be seen that absorption is _ 


very slow at room temperature and below but then rapidly increases, reaching 
a maximum at about 40° C. Thereafter the rate of absorption falls off sharply 
until above 50° C the platelets are losing HT faster than they are absorbing it. 


260 
240 


_ ng HT/10° platelets 


8 


o 


L j i i i | 
0 10 20 30 4 50 60 70 80 9 100 
Incubation time (min) 


Fig. 3. HT content of human platelets after incubation at 37° C with excess HT. 
@—®@, mean of seven curves; O—O, highest and lowest curves, 


TasB.z 3. HT content of platelets initially and after incubation with HT at 37° C 
for 75 min. In brackets, yg H'T/ml. platelet substance 


ng HT in 10® platelets 
a) as 
Initially After incubation of (6) 

(a) 
A 41 127 32 
B 67 219 31 
C 79 134 59 
D 49 245 20 
E 153 41 
F 111 (62) 274 (152) 41 
G 97 (67) 258 (178) 38 
H 61 (38) 170 (106) 86 
I 66 (39) 272 (160) 24 
J 70 (39) 355 (197) 20 
Mean 70 (49) 221 (170) 32 
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e In three such experiments a comparison was made between the mean rate of 
absorption at 37 and at 30° C, ee 


higher temperature. 

320 
300 
280 

260 
240 
220 

2 200+ 

2, 160 
| 140 

100 
80 
60 
40 
20 

i j j 
0 10 20 30 40 50 60 
Temperature (°C) 
_ Fig, 4. HT content of platelets after incubation with excess HT at various 
temperatures for 40 min. 
DISCUSSION 


_ Acetone extraction of whole blood yields only part of the HT contained in it 
and this method of direct estimation is therefore unsatisfactory. Our experi- 
ments show that the poor recovery is associated with the presence of red cells 
_ during extraction, and is probably due to absorption or inactivation of HT by 
the red cell debris. The use of a different method of extraction might overcome 
_ this difficulty, but acetone has the merit when used in a concentration of 
95% (v/v) of precipitating other substances having an action on plain muscle. 
HT also disappears when blood clots: much of that present in the blood fails 
to reach the serum. This, too, appears to be associated with the presence of 
red cells, for Zucker & Borrelli (1955a) state that when recalcified platelet- 
_ rich plasma coagulates, all the HT present passes into the serum. Our own 
_ unreported observations confirm this. Little is known of the mechanism by 
_ which HT is released from platelets, but Zucker & Borrelli believe that 
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thrombin: plays a part. From our results it appears that the proportion 
reaching the serum when blood coagulates is variable even in normal subjects ; 
in conditions in which the blood is abnormal no reliance could be placed on 
such results, though serum estimations may be useful for obtaining a rough 
idea of blood HT concentration. HT can, however, be recovered quanti- 
tatively from platelet-rich plasma, and this provides a reliable method of 
estimating the amount of HT per ml. blood and per platelet. Great care must 
be taken to ensure that the platelets are not damaged and the platelet- 
counting technique must be reliable. 

Considerable variation in the concentration of HT in the blood of different 
normal individuals was found and this cannot be explained solely by differences 
in the number of platelets present, since the amount of HT per platelet shows 
an equally large spread. The variation persisted when the amount of HT was 
expressed per ml. packed platelets and is therefore not due only to differences 
in platelet size. Erspamer (19546), discussing the origin of HT in platelets, 
comes to the conclusion that most probably they absorb it during their 


passage through organs where it is produced; evidence that this absorption © 


occurs in the wall of the intestine has been presented by Toh (1954). If this 
view is correct there are several factors which must be considered as possibly 
affecting the HT content of platelets. The rate of HT production and the 
ability of platelets to absorb HT spring at once to mind, and we have found 
that the amount which platelets from different normal subjects are capable 
of binding does in fact vary. In any blood sample there would be a distribu- 
tion of platelets between those which have recently entered the circulation 
and contain little or no HT and those which have been in the circulation for 
longer periods, and have had time to absorb correspondingly larger amounts. 
Any change which affected the average age of platelets would also affect the 
average HT content. 
Estimates of HT content of human platelets have been made by Humphrey 
& Jaques (1954) who found 20-30 ng/10* platelets (two subjects) and Zucker & 
Borrelli (1955a) who found 50-130 ng/10° platelets (eight subjects). These 
results are in reasonable agreement with those recorded here in view of the 
different procedures employed in preparation and extraction. The concentra- 
tion of HT in platelet substance appears to be the highest so far found in 
mammalian tissue, being about five times that of the richest part of the 
alimentary mucosa of the dog and rabbit (Feldberg & Toh, 1953) and more 
than twice that of the rabbit’s spleen (Erspamer, 19546). Considerably higher 
_ concentrations have been found in the tissues of invertebrates (Erspamer, 
1954a). 
Absorption of HT by platelets at body temperature is rapid and takes place 
against a high concentration gradient, the mean concentration found in plate- 
lets after 75 min incubation being 170ug/ml. packed platelets when the 
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_ surrounding solution contained less than 1 g/ml. This does not accord with 
the statement of Udenfriend & Weissbach (1954) that ‘the high concentration 
(of HT) in platelets is not due to a concentrating mechanism’, It would appear 
_ that an active concentrating mechanism is present and that this is very sensitive 
to changes in temperature. The reason for the sharp decline in the rate of 
absorption of HT above 40° C is being investigated. It is of interest as it may 
- shed light on possible mechanisms releasing HT from platelets in vivo. 

It has been shown that platelets incubated with HT reach a steady state 
after about 75 min and that they then contain 2-5 times as much HT as they 
contained am vivo. It must not, however, be assumed that in vitro saturation 
corresponds to in vivo saturation. Observations on platelets from patients 
suffering from malignant carcinoid, in whom HT secretion is enormously 
increased, suggest that somewhat higher platelet HT concentrations may be 
reached in vivo (Snow, Lennard-Jones, Curzon & Stacey, 1955). Several 
factors may play a part in this. Platelets are easily damaged and, even 
with the precautions taken, their ability to absorb HT may be impaired. For 
example, disodium ethylene-diamine tetra-acetate, which according to Zucker 
& Borrelli (19556) changes the shape of platelets from disks to spheres, might 
_ affect their ability to absorb HT. Finally, the mechanism which promotes 
_ the liberation of HT from platelets in shed blood may not be completely 
inhibited by the measures taken to prevent coagulation. 


SUMMARY 


L Acetone extracts of whole blood contain only part of the HT present in 

blood. 

2. When blood clots only part of the HT in it is don in the serum. 

_ 3. The HT content of whole blood cannot therefore be derived from 
_ estimates made on acetone extracts of whole blood or serum. A method using 

_ platelet-rich plasma is described which avoids these difficulties. 

4, Human blood contains 160 +60 ng HT/ml. whole blood and 57+ 18 ng 

_ HT/10° platelets (thirty-five normal subjects). 

_ 5. Packed human platelets contain 49g HT/ml. platelet substance (range 

_in five subjects 38-67 »g HT/ml.). 

_ 6. When platelet-rich plasma is incubated with HT the platelets take up 

HT. Absorption is slight at room temperature, reaches a maximum at about 

40°C and declines sharply above this temperature. At 37° C absorption is 
- complete in 75-90 min. 


__ We are indebted to Abbott Laboratories for the serotonin creatinine sulphate and to Sandoz 
_ Products Ltd. for the lysergic acid diethylamide used in these experiments. 
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‘ Effects of posture and of parameters of stimulation on reflexes 
in man. By Mary Cuenneuis and W. F. Firoyp. Department of , 


Physiology, The Middlesex Hospital Medical School, London 


: Reflexes evoked by percutaneous stimulation of various nerves have been 


studied in the normal conscious subject. The nerves employed have been: 
_ (1) cutaneous sensory nerves, e.g. saphenous n., sural n. and posterior cutan- 
- eous n. of the arm, (2) ‘mixed’ nerves supplying both muscles and skin, e.g. 


_ lateral popliteal n. and median n., and (3) nerves supplying muscles only, 


_ stimulated at the so-called motor point, e.g. motor points of shoulder and thigh 


muscles. The differences between the responses mediated by these different 


- eategories of nerves, and the effects on the responses of changes of posture, are 
too complex to be described here in detail. The effects of stimulation of some 
_ of these nerves will be demonstrated by direct experiments and in a film. 


Various modes of stimulation were used, as follows: single volleys at a rate 


of 1 in 20 sec and repetitive stimuli at frequencies up to 100/sec, mostly derived 

- from the electronic stimulator described by Ead (1951). Pulse widths were 
varied from 1ysec to 100 msec. Most of the experiments were carried out with 
pulse widths of less than 100usec and voltages of up to 150V. For the very 
short pulses of width 1-10ysec a condenser resistance network was used with a 
‘maximum output voltage of 600 V. The stimulating electrodes were two silver 


disks of the type used for electromyographic recording by Floyd & Silver 
: (1955). The electrodes were applied to the skin over the nerve with circular 
: _ patches of adhesive plaster and firmly held to the limb by a rubber strap. The 
‘ - proximal electrode was always the cathode. 


The recording of reflex responses was carried out in various ways: (1) obser- 


q vation of movements and palpation of muscles, (2) cinephotography, (3) 
_ electromyography with surface electrodes, (4) respiratory recording by stetho- 


P graph and (5) subjective descriptions. 


The stimulation used was not in any way painful to our subjects, and thus 


x the responses observed cannot be dismissed simply as involuntary or voluntary 
movements evoked by pain. The reflex responses obtained in these experi- 
/ ments with nerve stimulation were seldom of the simple flexor and crossed 
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extensor type described by Sherrington (1906) in his classical animal experi- 
ments. At low intensities of stimulation of some limb nerves the response was 
often restricted to muscles controlling the limb under stimulation. Sometimes, 
however, the only reflex response obtained was in muscles innervated from 
segments of the spinal cord remote from the point of entry of the impulses into 
the cord, and the contralateral response on these occasions was often of greater 
magnitude than the ipsilateral response. With increasing intensity of stimula- 
tion of thenerve the reflex irradiated more widely, toinvolve, in varying degrees, 
all four limbs, head and trunk. The movements were usually complex but 
smooth and well co-ordinated, although not always obviously purposeful. In 
the legs the responses tended to be alike on both sides, e.g. both flexor or both 
extensor, although the intensity was different. 

The effects of posture were studied with the subject in supine, prone, sitting 
and standing positions. In addition, we studied the changes in the reflex 
responses induced by passive flexion and extension of joints and voluntary 
contraction of muscles. For example, on change of posture, a flexor response 
was sometimes changed into an extensor response. Thus stimulation of the 
biceps brachii m. motor point resulted in trunk and hip flexion in the prone 
position and trunk and hip extension in the supine position. Sometimes there 
was co-contraction of flexor and extensor muscles, and whether flexion or 
extension was observed depended partly on the initial posture. Passive flexion 
or extension of joints, when it had any effect at all, usually inhibited responses 
to single volleys while the stretch was maintained. The inhibition was usually 
followed by very marked post-inhibitory potentiation and facilitation, which 
lasted many minutes. Sometimes extension was converted into flexion by 
passive flexion of the hip. 

Respiratory effects have also been observed. These usually seemed to bitiakee 
a diaphragmatic spasm, accompanied by an inspiratory gasp. Breathing was 
arrested in inspiration for periods up to 30 sec. On other occasions breathing 
was stimulated. No changes in heart rate were observed. Sudo-motor, vascu- 
lar and visceral changes have been noted on some occasions. 


We are grateful to the University of London Central Research Fund for ssp eee grants to 
one of us (W. F. F.). 
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Principles of chromatogrAphy. By J. B. Jerson. (Film) ae 


Action wotentinie in common carotid artery\. 
D. H. Guatsrer and J. H. Green | 
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_ Experimental demyelination in chickens. By R. P. Govrp and 


F. Hospsicer 


_ Activation of ‘ pre-active’ human plasma to produce a bradykinin- 
like substance. By Destréz Armsrrona, J. B. J EPSON, C. A. KRELe 
and J. W. Stewart 


The effect of ionizing radiation on tissue histamine. By T. H. E. 
Bryant, V. D. Eisen, R. Ettis and C. W. M. Witson. Middlesex 
Hospital Medical School, London, W. 1 


‘The changes induced by ionizing X-irradiation on the histamine values of the 


_ skin, stomach and intestinal wall have been studied in male albino rats. Total 


body irradiation and local irradiation of the abdominal skin have been given to 
_ the animals in doses of up to 1000 roentgens (1:3 mm Copper Half-value Layer) 
at a dose rate of approximately 21 roentgens/min. The changes in tissue hista- 
_ mine have been observed at intervals during the following 3 weeks. Mast cells 
have been examined histologically in tissue spreads of the mesentery and sub- 

_ cutaneous tissue and blood clotting times have been measured following the 


exposure. 


- The results will be demonstrated graphically. The skin and gastric histamine 
fall to about half the control values 5-10 days after exposure. There is a con- 
_ siderable reduction in the intestinal histamine value which appears 24 hr after 
exposure and lasts for 3 weeks. Mast cells show slight morphological changes 
between the fifth and tenth day, but no gross changes have been observed and 
there is no reduction in cell count. Blood clotting times remain within normal 
2 limits and no petechiae have been seen in the skin or other tissues. 


be: Correlation of respiratory air flow, using a new pneumotach)- 
fe graph, with intercostal muscle activity. By J. H. Grezn and 


J.B. L. Howe... Department of Physiology, Middlesex Hospital Medical 


School, London, W. 1 


The method usually employed to record a pneumotachogram utilizes the 
pressure difference across an impedance placed in the air-flow stream. The 
2 impedance may be a bundle of capillary glass tubes (Fleisch, 1925) or a wire 
; mesh (Silverman, 1946). The pneumotachograph described is based on the 
_ principle of the apparatus of Brecher for ee blood flow (Brecher & 
 Praglin, 1953.) 
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An R.C.A. transducer valve (5734) (Fig. 1, [1]) is housed in a Perspex block 
[2], and a phosphor-bronze strip 4 mm wide, attached to the anode, extends 
into the flow tube [3]. When recording low rates of flow the area of the strip is 
increased by an attached celluloid disk. A brass mouthpiece [4] is connected 
to the Perspex flow tube. The whole apparatus is firmly mounted by means of 
the support bar [5]. The valve is directly coupled via an amplifier (Green, 1954) 
to the last two stages of a four-channel Ediswan electroencephalograph. 


Inspiration was recorded as an upward deflexion of the pen and expiration 
as a downward deflexion. 

Electrical activity in the lower intercostal muscles recorded synchronously 
with air flow shows muscle activity during inspiration and its extension into 
expiration for a varying time. 
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A method of measuring the compliance of the isolated lungs and 
its application to anaesthetized subjects. By J. B. L. Howe.i 
and B. W. Pecxerr 


Diffusion respiration in the dog. By N. Jorts and M. Samue.torr 
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| Eliectroencephalographic patterns following intraventricular injec- 


tion of tubocurarine in the cat. By Samson Wricut. Department 
of Physiology, Middlesex Hospital Medical School, London, W. 1 


g Electroencephalograms were recorded in cats (generally under dial anaesthesia) 
_ from many points of the surface of the cerebral cortex, the superior and inferior 
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surface of the cerebellum, and the thalamus, using a four- or six-channel ink- 
writing Ediswan electroencephalograph or a four-channel oscilloscope; bipolar 
scalp surface leads and bipolar and monopolar direct leads from the brain 
introduced via trephine or burrholes were used. p-Tubocurarine was applied 
to the brain surface or injected intraventricularly or intracisternally. To avoid 
the complicating effects of the movements or convulsions which are induced 
by the drug when thus administered directly to the brain substance, appropriate 
doses of intravenously injected D-tubocurarine were often injected to produce 
and maintain peripheral neuro-muscular block; artificial respiration was then 
employed. Topical application to the cerebral cortex of 1% p-tubocurarine 
produced spikes which were predominantly surface negative but might be more 
complex, being preceded or followed by positive waves (Chang, 1953). When 
the drug was injected intraventricularly (0-1% concentration, dose 0-1-0-4 mg) 
abnormal activity appeared after a variable latent period (1-10 min) depen- 
ding on the dose used and the depth of dial anaesthesia. Under deep anaes- 
thesia the effects were weak and transient; well-developed effects were 
markedly depressed by a further dose of dial. The common type of response 
consisted of the initial appearance of spikes (mainly surface negative but 
sometimes more complex in form) on the brain surface; they tended to appear 


- first over the posterior half of the brain and show independent patterns in 


different foci. The spikes grew in magnitude and frequency, increased in 
duration (‘sharp waves’), became multiple (‘multiple spikes’) or appeared 
in bursts of varying duration. After some time or even initially the abnormal 
activity became synchronized in the parts of the brain that were involved. The 
initial, and sometimes the only, effect in the anterior part of the brain was an 
increase in the voltage of the normal waves, though often this region later 
became involved in the general synchronized abnormal activity. Other pat- 
terns noticed were ‘slow large-voltage waves’, ‘rhythmic spike and wave’ or 
‘paroxysmal’ high-frequency large voltage bursts (lasting 20 sec or more) — 
followed by ‘exhaustion’ and recovery. The terms in inverted commas are 
used by Penfield & Jasper (1954) to describe the abnormal patterns observed 
in clinical epilepsy, and are employed here to indicate the close resemblance 
between the electroencephalographic findings in this disease and those 
resulting from intraventricular injection of D-tubocurarine in cats. Thalamic 
electrodes showed the occurrence of abnormal activity in this region too; it 
frequently became synchronized with that on the cortical surface. I have not 
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seen the abnormal activity in the thalamus setting in earlier than on the sur- 
face. Abnormal activity developed in the cerebellum at about the same time 
as in the cerebrum and became synchronized with it; in several experiments 
it remained synchronized after an apparently complete mid-collicular tran- 
section which spared the main blood vessels. The cerebellum under the experi- 
mental conditions employed did not respond to repeated applications of 1% 
p-tubocurarine to its surface, but responded readily to an intraventricular 
injection of the drug in a 0:1 % concentration. When artificial respiration was 
discontinued and asphyxia developed the abnormal activity gradually dimin- 
ished and disappeared and sometimes normal patterns appeared fora short time 
before all activity was extinguished, During recovery on restoring artificial 
respiration normal patterns first appeared; later the abnormal waves re- 
appeared and subsequently increased in magnitude. 

Some of the results described above will be demonstrated. A preliminary 
report on some aspects of this work was communicated to the Physiological 
Society by W. F. Floyd, 8. Salama and 8. Wright in April 1949. 

I am indebted to W. Cheesman and H. Ead for skilled technical assistance. 
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Potassium depletion due to purgatives. By T. M. Cuatmers and 
G. L. 8. Pawan 


The effect of sodium lactate on a case of complete heart block. 
By A. G. 


Cardiovascular and respiratory reflex responses to stimulation of | 


right cardiac vagal afferents. By E. G. Brewin and E. Netz 


Effect of hypothermia and occlusion of venae cavae on liver 
structure (dog). By R. P. Goutp 


_ The oestrous cycle and oestrous behaviour in the cat. By Marny A. 


Luoyp- JACOB and PATRICIA P. Scorr 


Studies on constancy of capillary pattern in the human nail fold. 
By E. W. Watts 


Variation in palmar sweating during menstrual cycle and during 


pregnancy. By Pamera McKinnon 
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Beaver-Byford respirator. By R. Atwoop Braver. The National 
Hospital, Queen Square, W.C.1 


This machine is developed from the embryonic model shown to the Physio- 
logical Society at The National Hospital in 1953. 
It embodies thyratron control of motor speed, positive and negative phases 
_ and ‘patient response’. This latter enables assisted respiration to be given in 
which the patient’s own inspiratory efforts ‘trigger’ the action of the machine. 
The machine has had considerable practical employment. 


e Blood-pressure ‘follower’ for continuous blood pressure recording 
in man. By J. H. Green. Department of Physiology, Middlesex 
Hospital Medical School, London, W. 1 


This apparatus has been designed to give a continuous record of blood pressure 
in man over periods of several hours without the need for an arterial puncture. 
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Fig. 1. Shows the circuit employed to operate the electromagnetic valve (RL,). The crystal pick- 
up is connected to 1, 2. C,, C,, R, and R, minimize interference from electrical apparatus used 
in the operating theatre. R,,-,,;, C,-, form a band-stop filter to eliminate 50 c/s interference. 
Depression of K, releases RL,, which is normally actuated, and allows manual inflation or 
deflation of the cuff. Two preset sensitivities are provided by RV, and RV,. R,, Ry, Ry, Re, 
Rg, Ry, Rig» Rig, Riz, RVq, IM. Ry, Ry, 100K. R,, Ry, 820K. Ry, 200 K. 
Riss 47K. Ry, 47M. 100. C,, C,, 100 pF. C,, Cs, 0-05 pF. Cy, Cz, Cy, 0-02 pF. 
O,, O-luF. RL,, electromagnetic valve. V,, Vy, 12AX7. V;, 12 AT7. 


It has been employed to follow blood-pressure changes during surgical proce- 
dures, drug responses and postural hypotension, and to regulate the infusion 


of hypo- and hypertensive drugs to maintain a preset blood-pressure level. 
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The general principles of the procedure employed are well known (Kolls, 
1920; Lange, 1943; Burns, Elliot & James, 1955). An occluding cuff is inflated 
from a small air-pump via an electromagnetic valve which opens when pulsa- 
tions are present in the distal artery, but closes when pulsations are absent. The 
inflation of the cuff continues until the arterial pulsations cease owing to cuff 
pressure exceeding systolic arterial pressure. A fixed leak causes the cuff to 
deflate until arterial pulsations reappear when more air passes into the cuff 
and the cycle is repeated. The cuff pressure thus follows changes in systolic 
blood pressure by + a few mm of mercury. Any type of recording manometer, 
aneroid, mercury or electronic (connected to the cuff), may be used, or several 
manometers of different pattern may be simultaneously connected to the 
apparatus, without impairing its accuracy. 

Diastolic pressure can be recorded (less precisely) by inflating the cuff at a 
steady rate and using the electromagnetic valve to deflate the cuff when the 
arterial pulsations have increased to a preset level. In the instrument to be 
demonstrated, a piezo-electric crystal pick-up is employed to record arterial 
pulsation from a digital artery in the region of the middle phalanx. This crystal 
operates the electro-magnetic valve RL, through the amplifier shown in Fig. 1. 
The éntire finger is inserted into a rigid plastic tube containing the pneumatic 
cuff. This procedure is preferred to the employment of a proximal cuff as it 
- Tainimizes oedema when used over long periods. The device may be worn with- 
out discomfort for many hours, and records over still larger periods may be 
obtained by changing the finger employed every 4 hours. 


I wish to thank Dr I. H. Page, Director of Research Division, for giving me facilities to do this 
work while a guest at the Cleveland Clinic, Ohio, U.S.A., the members of the Research Division 
for their help and assistance, and Dr Hale, Department of Anaesthesiology, and the Clinic Staff for 
their continuing co-operation in clinically testing this apparatus. 
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Depressed conduction velocity in peripheral nerves with lesions in — 


continuity. By J. A. Simpson 


A QRS-triggered stimulator for producing extra-systoles in 
mammalian hearts. By H. W. Eap and G. R. Granam. Department 
of Physiology, Middlesex Hospital Medical School, London, W. 1 

An electronic rectangular wave stimulator has been constructed to allow the 

delivery of QRS-triggered stimuli. The electrocardiogram of one of the 

standard leads is amplified and the QRS complex is relayed to a trigger circuit. 
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_ The output of the trigger circuit is applied to a variable delay circuit, the out- 
~ put of which can be delayed for a pre-set period of 30-3000 msec. This delayed 
_ trigger pulse is then fed into a circuit which produces positive going pulses 
of 1, 2, 5, 10 or 20 msec duration. These are applied to a cathode follower 
- constant voltage output circuit. This delivers the output pulse which has an 
amplitude variable between 0-100 V. A switch is provided for the delivery of 
singly or successively triggered stimuli. 
_ The circuit (of which a detailed diagram will be shown) has been arranged 
_ for use in a variety of experimental conditions (e.g. testing of cardiovascular 
- functions in various arrhythmias; measurement of ventricular thresholds; 
determination of ‘vulnerable period’ in the onset of ventricular fibrillation). 
_ The apparatus will be demonstrated in its use for determining ventricular 
_ fibrillation thresholds at varying temperatures. 


_ The different effects on ventricular depolarization and repolariza- a 
| tion of two methods of producing hypothermia in the dog. a 
By G. R. Granam and N. Joris. Middlesex Hospital Medical School, 

| London, W.1 
_ In experiments in anaesthetized dogs receiving artificial respiration, designed 7 
to investigate the incidence, onset and causes of ventricular fibrillation in a 
_ hypothermia, two methods of inducing a lowering of body temperature to a 
_ 25°C were used. In one, there was an extracorporeal circuit from femoral @ 
~ artery to vein through a cooling coil. In the other, the dogs were placed in an : 4 
 ice-bath. Electrocardiographic changes with variations in temperature 4 
_ showed marked differences in the two methods, although in both groups such 4 
changes were fully reversible, unless ventricular fibrillation intervened. When a 
using the cooling coil, marked abnormalities in the rate and pathway of — \ : 
depolarization and repolarization occurred. They were quantitatively and a 
qualitatively different from those of the ‘immersion’ group. The causes for the : 
difference are believed to lie in the greater temperature differential between a 
various layers of myocardium and/or different chambers, which occurs with — a 
coil cooling. Representative series of electrocardiograms will be shown to ™ 

illustrate these points. 


Pigment changes in skin and olfactory organ in Amphibia. By 
V. E. Neeus 


Method for crystaflization of oxyhaemoglobin. By F.S. Nasnart and 
and M. SaMuELOFF 


ag 
re 
a 
‘= 
$ 
+ 
. 
t 
a 


40 P PROCEEDINGS OF THE PHYSIOLOGICAL 
Calcium exchange in bone. By K. B. Dawson 


A new stereotactic instrument for use in man. By M. Bennett 


Efficiency of filtration by the popliteal lymph node of the rabbit. 
By R. Hueuss, A. J. May and J. G. Wippicomsr. Microbiological 
Research Department, Ministry of Supply, Porton 


Drinker, Field & Ward (1934) have shown that the popliteal lymph node of the 
dog removes over 99% of streptococci and red cells when they are perfused 
through the lymphatic channels of the node. Their conclusion that the node is 
an efficient mechanical filter is not in agreement with qualitative experiments 
in rats and rabbits with bacteria (e.g. Smith & Wood, 1949; Barnes & Trueta, 
1941) and red cells (Courtice, Harding & Steinbeck, 1953). 


We have repeated the work of Drinker et al. using rabbits. When spores of ~ | 


B. subtilis and B. anthracis or vegetative forms of B. subtilis were injected into 
an afferent lymphatic in the hind leg, from 4 to 42° were recovered in the 
lymph efferent to the popliteal lymph node; with vegetative forms of B. anth- 
racis, which are considerably larger and chained, only 0-03 % were recovered ; 
with red cells, from 3 to 39°% passed through the node. A positive correlation 
between percentage recovery and rate of lymph flow was found, which suggests 
that the node is acting as a ‘settling chamber’ rather than as a sieve. 

The difference between our results and those of Drinker et al. may be due to 
the species used, or to differences in experimental conditions. At least in the 


rabbit the popliteal lymph node is inefficient in clearing the lymph of small 
particles. 
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Inhibition of anaphylaxis. By J. L. Moncar and H. 0. Scum. 
Department of Pharmacology, University College London 

It is now well established that the union of antigen and antibody in the ana- 
phylactie reaction leads to the release of histamine from cells, but the inter- 
vening steps are still unknown. The anaphylactic reaction can, however, be 
interfered with in various ways, and this promises to throw some light on the 
mechanisms involved. 

Exposure of a sensitized tissue to mild heat completely destroys the ana- 
phylactic mechanism. It was shown by Lovatt Evans (1921) that when the 
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: uterus is exposed to 48° it becomes temporarily paralysed, but this tempera- 
ture effect is reversible; the tissue regains its contractility when it is brought 
back to 37°. When, however, a sensitized uterus is treated in this way the Dale- 
Schultz reaction is permanently abolished, although the sensitivity to hista- 
mine is-unimpaired. Similarly when sensitized lung tissue has been exposed to 
45° for a few minutes it no longer releases histamine when treated with antigen. 
Histamine release and the Dale-Schultz reaction can also be abolished by 
treatment with 10 mm-phenol, but the mechanism of interference in this case is . 
different. If sensitized tissue is treated with phenol and the phenol is subse- _ 
quently removed the tissue is perfectly normal with regard to the Dale-Schultz 
| eaction and histamine release. If, however, the antigen is added in the 
| presence of the phenol both histamine release and muscular contraction are 
inhibited, and after the removal of the phenol the tissue is desensitized : it does 
not contract or release histamine if a second dose of antigen is added. Phenol 
thus does not interfere with the antigen-antibody reaction but disrupts the 
. 4 link between this reaction and the subsequent events of muscular contraction 
and histamine release. 

lodoacetate and oxygen lack inhibit the release of histamine in anaphylaxis 
but potentiate the release by compound 48/80 and octylamine. This shows 
| that the release of histamine in the anaphylactic reaction involves metabolic 

_ pathways that are not required for histamine release by organic bases. 


‘REFERENCE 
Evans, L. (1921). J. Physiol. 4, 139 P. a 
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Identification of 5-hydroxytryptamine in nettle sting. By G. B. 
CuesHeR and H. O. J. Research Division, Allen and 
Hanburys Lid., Ware, Herts. 

- Emmelin & Feldberg (1947) showed that the stings of the nettle Urtica urens 4 

contained three smooth-muscle stimulating substances: acetylcholine, hista- 

_ mine and a third they did not identify. They observed that this third substance - 

actively constricted the blood vessels of the rabbit’s ear, was soluble in ether : _ 
and was destroyed by boiling in alkaline solution. Since these characteristics _ 
are possessed by 5-hydroxytryptamine (5-HT), we investigated the possibility _ 
that the third substance in nettle stings was 5-HT. | 
For ease of supply, we used the dioecious nettle, U. dioica. Both sexes showed _ 

the characteristic activity; but in all except a very few experiments female a 

_ plants were used. In an im vitro preparation of the oestrous rat uterus in the fl 

presence of 24 ng/ml. atropine sulphate, we found that the stimulatory action 

of nettle stings was antagonized by 4 ng/ml. lysergic acid diethylamide 

| tartrate (LSD) to the same extent as was that of 5-HT. Likewise, when this 

preparation was desensitized to 5-HT either by exposure to large doses of 


; 
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tryptamine, according to the method of Gaddum (1953), or by repeated 
exposure to doses of 16 ng/ml. 5-HT, a corresponding degree of desensitization 
to nettle stings was observed. 

In vitro preparations of the oestrous rat uterus, rat colon and guinea-pig 
ileum were rendered insensitive to acetylcholine by atropine sulphate 
(24 ng/ml.), and the guinea-pig ileum was made insensitive to histamine by 
mepyramine maleate (80 ng/ml.). The smooth-muscle stimulating activity 
of the nettle sting was then compared with that of 5-HT in each preparation 
on seven occasions. We obtained the following mean values for 5-HT in 
ng/sting + standard error: rat uterus, 4-9 + 1-03; rat colon, 3-4 + 0-53; guinea- 
pig ileum, 4-0 + 0-38. 

Unidirectional paper chromatograms were run in butyl alcohol—acetic acid 
water, and developed with p-dimethylaminobenzaldehyde. Little or no 5-HT 
could be detected in such chromatograms after adding it to aqueous suspensions 
of nettle stings at room temperature and evaporating to dryness. On the other 
hand, 5-HT could readily be detected chromatographically after addition to 
boiled suspensions of nettle stings. This suggested that nettle stings contain an 
agent that inactivates 5-HT, probably an enzyme. Accordingly we extracted 
nettles in acetone in a chill room at 4° C. When this extract had been freed of 
acetone, it exhibited the same biological properties as 5-HT and on the chroma- 
togram it produced a spot of the same R,, value (0:34). By the same 
chromatographic technique, tryptamine had an R,, value about twice that 
of 5-HT (0-61). | 

We conclude that the third active substance. in nettle sting is 5-hydroxy- 
tryptamine. 


: ‘The 5-HT was kindly supplied by Abbott Laboratories, and the LSD by Sandoz Products Ltd. 
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The relationship between blood flow, arterio-venous oxygen 
difference, and oxygen uptake of human skeletal muscle. By 
R. F. Morrram. Division of Human Physiology, National Institute for 
Medical Research, London, and Department of Physiology, St Mary’s 
Hospital Medical School, London, W. 2 


A method of estimating the oxygen uptake of resting human skeletal muscle 


was described by Holling (1939). It depends on the use of the Fick principle, 


the two quantities measured being blood flow and a.v. O, difference, from 
which O, uptake can be calculated. 
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- He found that O, uptake was more constant than either blood flow or a.v. 
~ 0, difference, the observations apparently fitting the equation 


Blood flow x a.v. O, difference = constant (=O, uptake) 


or Blood flow = constant x reciprocal of a.v. O, difference. 


| | Thus, if O, uptake is constant, there should be a significant linear relationship 
- between blood flow and the reciprocal of a.v. O, difference, the regression line 
_ passing through the origin. 


The method was extensively modified by Mottram (1954, 1955). From aoh 


of five subjects sufficient simultaneous measurements of blood flow and muscle 
_ a.v. O, difference have now been obtained to enable a statistical study of 
_ telationships between these quantities and muscle 0, uptake to be performed. 
In the first two subjects observations were obtained from both arms, and in 
~ the other three, from one arm only, The relationship between blood flow and the 


reciprocal of a.v. O, difference was studied as follows: for each of the seven sets 
of observations the correlation coefficient was calculated. When this was signifi- 


- cant (p<0-05) the regression line and the 95°, confidence limits of its slope 
_ were found. In four cases a significant correlation was found, in only one of 
_ which was the origin included within the limits of the line. The relationships 
between oxygen uptake and blood flow and a.v. O, difference respectively were 
then similarly studied. In two cases a significant correlation was found between 
~ oxygen uptake and blood flow, but in one of them it was negative. In six out 


of the seven sets of observations there was a significant (p< 0-001) correlation 
between oxygen uptake and a.v. O, difference. In five of these the origin was 
embraced by the limits of the lines. 

Thus it appears that, in resting human skeletal muscle, oxygen uptake is not 
a constant but a variable function, variations in it being directly related to 
variations in the oxygen utilization of the blood as it passes through the muscle. 
It is impossible, therefore, under these conditions, to infer changes in blood 


_ flow solely from changes in the O, content of venous blood. 
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Lo Functional hyperaemia in the submandibular salivary gland and 


bradykinin-formation. ByS. M. HizronandG. P. Lewis.* National 
Institute for Medical Research, Mill Hill, London, N.W.7 


Recently we have shown that functional hyperaemia in the cat’s salivary 


Pe gland can be attributed to the action of a vasodilator polypeptide similar to 


* Beit Memorial Research Fellow. 
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bradykinin, formed in the interstitial fluid by the action on the plasma proteins 
of an enzyme-like material which escapes from the gland cells during activity 
(Hilton & Lewis, 1955a, 5). 

‘In the present experiments we have examined some of the conditions under 
which the enzyme is released into the perfusate, when the salivary gland of the 
cat is perfused with oxygenated Locke’s solution. The method consisted of 
incubating samples of perfusate with excess of dog pseudoglobulin for 1 min 


and assaying the mixture on the isolated rat uterus against a standard powder 


of bradykinin (Pool 1, kindly supplied by Dr Rocha e Silva). 

Some enzyme was found in the perfusate collected from the gland at rest, 
but when the chorda tympani was stimulated for 1 min the amount increased 
to 5-10 times the resting level. Arterial injection of 5ug acetylcholine gave 
rise to a similar release of the enzyme. 

It is known that atropine abolishes the vasodilator effect of injected acetyl- 
choline in the salivary glands, but not that of chorda stimulation. After 
atropine, chorda stimulation, but not acetylcholine, led to a 3- to 5-fold 
increase in the enzyme content of the perfusate. 

These results are consistent with the view that the vasodilatation resulting 
from chorda stimulation is accounted for by the release of a bradykinin-forming 
enzyme, and that this mechanism also contributes to the vasodilatation caused 
by injected acetylcholine. 

It is well known that cervical sympathetic stimulation in the cat produces 
a small amount of secretion with vasoconstriction, followed by a prolonged 
vasodilatation. When the cervical sympathetic was stimulated, or when 3-5yug 
adrenaline or nor-adrenaline were injected arterially, an increase of the enzyme 
in the perfusate was not regularly obtained. In some experiments no increase 
could be detected, in others the increase was small, but in a few experiments 
the increase amounted to 10-20 times the resting level, again suggesting that 
the vasodilatation following sympathetic stimulation is due to the formation of 
bradykinin in the gland. 

The fact that the enzyme does not regularly appear in the coe on 
sympathetic stimulation, or on injection of sympathomimetic amines, can be 
explained by the reduction in capillary permeability produced under these 
conditions; for chorda stimulation also failed to increase the enzyme content of 
the perfusate if 3ug adrenaline was injected while the nerve was stimulated. 
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_ Afferent fibres of the inferior cardiac nerve. By R. Hotmes and 


R. W. Torrance. Ministry of Supply, Porton and si dchcsraa of 
Physvology, Oxford 


| Barry (1913), Craigie (1922) and later eichane have observed respiratory 


reflexes to volume changes of the lungs and to the inhalation of irritant gases, 
which are abolished by ablation of the stellate ganglia. In the present experi- 
ments, an attempt was made to record in cats, anaesthetized with pentobarbi- 
tone, the activity of afferent fibres passing into the stellate ganglion in the 
inferior cardiac nerve. 

Ribs 2-6 were removed on the left side, and action potentials were recorded 
under paraffin from slips dissected from the side of the nerve just before it 
entered the ganglion. With the chest open, spontaneous activity was seldom 
seen, but the nerve was found to contain fibres made active by mechanical 


_ stimulation of the visceral pleura. The action potential amplitude was usually 


50-100uV. In one experiment, the activity of twelve fibres was recorded. 
Sensitive areas were: the whole mediastinal pleura dorsal to the phrenic 
nerve, and ventral to it only over the arch of the aorta; the mediastinal pleura 


_ over the mediastinal lobe and the pleural ligament of the lower lobe; the root 


of the lung; the exposed parts of the pulmonary artery branches on the medial 
surface of the upper lobe and the lung surface between them. Areas up to 
5 sq.cm gave responses in the same unit. 

The area of pleura from which responses could be obtained i in a single unit 


often extended over more than one mediastinal organ. In three cases the — 


pleura and fatty tissue were separated in the sensitive area from the underlying 
mediastinal organ. Responses could then be obtained from the pleura but not 
from the deeper organ. Two units, responding to contact with the pleura over 
the oesophagus, gave slowly adapting discharges to distension of a balloon in 
the oesophagus. 

Activity of units responding to these stimuli has been recorded from sympa- 
thetic rami T 1-4. The rami also contained (1) units responding to movement 


of rib stumps and probably coming from the costovertebral joints, and (2) units 


giving a steady resting discharge, and coming from proprioceptive endings in 
the longus colli muscle. The action potentials of these units were usually about 
twice the size of those given by units responding to contact with the pleura. 
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A comparison of rectal, bicarotid trunk and pulmonary artery 
temperatures in the calf under heat stress. By J. Buicn. The 
Hannah Dairy Research Institute, Kirkhill, Ayr 


It has been shown that, except under exceptionally severe heat stress, the 
bicarotid trunk temperature of bull calves is always 0-1—-0:3° C below rectal 
temperature whether the latter is constant or slowly increasing. When no heat 
elimination is permitted the animal, both temperatures become identical 
(Bligh, 1955). When heat loss is permitted from only the respiratory tract the 
bicarotid trunk temperature is less than that of the rectum (Bligh, 1954). 

By means of thermocouples left in situ, comparisons have been made in 
healthy calves of their rectal, bicarotid trunk and pulmonary artery tempera- 
tures when they were exposed to environments of 20, 30 and 40° C at a constant 
low humidity (17 mg/l. absolute humidity), and 40°C at a high humidity 
(34 mg/l. absolute humidity). This last condition prevented virtually all heat 
loss from the animal, but in some experiments evaporation was permitted only 
from the respiratory tract, by means of a face mask supplied with air at 40° C 
and low humidity. No difference could be detected between the pulmonary 
artery and bicarotid trunk temperatures even when the sole means of heat loss 
was from the respiratory tract, although both blood temperatures were 0-1- 
0-3° C below rectal temperature except when there was no heat loss. 

It would appear from these results, first, that most evaporative cooling from 
the surfaces of the respiratory system must occur in the respiratory passages 
and not in the alveoli, the cooled blood draining into the right side of the heart. 
Second, that the pulmonary artery temperature, which is the temperature of 
the entire pooled venous return from all areas, will always be lower than that 
of the rectum so long as heat loss can occur. These results, together with the 
work of others (Hichna, Berger, Rader & Becker, 1951; Mather, Nahas & 
Hemingway, 1953) suggest that this may also apply to man and dog. A pos- 
sible reason for this is that though the rectum is not itself a site of high heat 
production, its temperature is influenced more by that of the heat-producing 
organs within the body cavity than by the relatively cool venous blood return- 
ing from peripheral areas of heat loss, while the temperature of the blood in the 
pulmonary artery is influenced more or less equally by both factors. 
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_ The domestic cat as a laboratory animal for the study of repro- 
| duction. By Parricia P. Scorr. Department of Physiology, “gt Free 
Hospital School of Medicine, London, W.C. 1 a 
_ Difficulties encountered in maintaining colonies of cats under laboratory con- 
_ ditions have discouraged continuous studies of the cycles and reproductive 
_ efficiency of individual cats and of successive generations born and reared in q 
| _ the laboratory (Dawson, 1950). A 5-year investigation has shown that a 
breeding colony can be established given suitable environmental conditions 
(correct ventilation, temperature, lighting, territorial rights and an adequate 
diet) with some arrangement for isolating kittens suffering from pneumonitis 
conjunctivitis. 
_. By selection of stock and good management an average of four kittens per 
_ litter and three litters a year could be expected from each female. Adult 
females had an oestrous cycle of 2~3 weeks, the stages of which could be fol- 
lowed both by observation of the characteristic and unmistakable behaviour 
patterns, and by recognizable changes in vaginal smears. At oestrus ovulation 
only followed coitus, or vaginal stimulation, as previously shown by Greulich 
| (1934). When kept together female cats did not attempt to ‘jump’ each other 
- astabbitsdo. Full oestrous posture (crouching, treading and lateral deflexion of q 
_ the tail) was usually only adopted in the presence of the tom. Tom cats used _ . 
- for breeding could not be run together in the same territory owing to severe __ q 
fighting, while females sometimes fought after casting their litters and so were 
kept in separate cages while rearing kittens. 

When carrying out mating behaviour tests it was found essential to sdatom 
the male to a new territory for 2~3 days before introducing females to him, but 4 
the females adapted themselves to the male’s territory with extraordinary qa 
rapidity, especially when in oestrus. Pregnancy averaged 66 days (range | 
64-68). Pregnant cats showed a tendency to abortion and stillbirths were not 
- uncommon. These were rather easily over-looked, since the products were 
_ usually eaten. Mild infections or slight dietary deficiencies appeared to produce 
partial abortions, the remaining foetuses apparently having a better chance of . 
survival, while severe infections produced complete abortion. During preg- 
nancy the cats in the colony showed apparent ‘heat periods’ as judged by the 
vaginal smears, a proportion of the females undergoing full mating at this time. 
¢ This phenomenon was observed in one cat by Marshall (1922). Judging by 
vaginal smears and behaviour there was no immediate postpartum oestrus, but 
cycles reéommenced and mating was possible during the 4th or 6th week of 
lactation. 


‘The author is grateful for grants from the Central Research Fund of the University of London, 
the Royal Society and Medical Research Council, which supported this work. 
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The distribution of bicarbonate between aqueous humour, cerebro- 


spinal fluid and plasma in several mammalian species. By 


H. Davson and C. P. Luck. Medical Research Council, Department of 
Physiology, University College London 


For the chloride ion, there is a correlation between the magnitude of the ratio: 
concn. in aqueous humour/conen. in plasma, and the size of the eye; thus, in 


the horse, with a large eye, there is an excess of chloride in the aqueous humour © 


over that found in a dialysate of plasma, whilst in the guinea-pig there is a 
deficiency. A study of the bicarbonate (total CO,) distribution shows a rather 
similar, but inverse, correlation, the ratios of concentrations being 1-35, 1-28, 
1-27, 1-13, 0-77, 0-70 and 0°82 in the guinea-pig, rabbit, cat, dog, monkey, goat 
and horse respectively. Since the absolute concentration of bicarbonate in the 
fluids is only about one-fifth that of chloride, this inverse relationship is not 
simply an expression of a tendency towards the maintenance of a constant 
chloride-plus-bicarbonate concentration. In the cerebrospinal fluids of the 
above species, the ratios: concn. in fluid/concn. in plasma, were 0-91, 0-94, 
0-93, 0-92, 0-78, 0-78 and 0-92 respectively, and were thus similar in magnitude 
to the ratios found for the aqueous humour of the large-eyed animals. It may 
be that in the small-eyed animals the metabolism of the retina requires the 
secretion of an aqueous humour with a relatively high concentration of bicar- 
bonate in order to neutralize the lactic and pyruvic acids formed by this tissue ; 
in a small eye the area of retina is large in relation to the volume of vitreous 
body; moreover, the lens, which also produces lactic acid, occupies a relatively 
larger proportion of the intraocular contents in the small eye. The values for 
the pH and the distribution ratios for aqueous humour, vitreous body and 
cerebrospinal fluid in the rabbit were as follows: 


Aqueous ‘Vitreous Cerebrospi 

humour body 
H 7:48 | 7:22 
Distribution ratio 1-28 0-97 0-94 


The concentration of bicarbonate in the anterior segment of the vitreous 
body was always greater, by some 18%, than in the posterior segment, indica- 
ting the effects of the influx of bicarbonate from the aqueous humour. The 
5-7 % rise in bicarbonate concentration in the aqueous humour that follows 
ligature of the carotid may well be due to a decreased metabolism of the retina 
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_ resulting from the diminished blood flow through it; it is unlikely to be due to a 


decreased diffusion into the iris blood vessels, since experiments show that the 
flow of blood through this tissue, per se, is not the rate- determining factor in 
diffusion into, or out of, the anterior chamber. 


_ The nature of the neuromuscular facilitation produced by sympa- 


thetic stimulation in the frog. By 0. F. Hurrer and W. R. 
LOEWENSTEIN 


Activation of a single sarcomere. By A. F. Huxuey and R. E. Taytor. 
Physiological Laboratory, Cambridge 

When the membrane of a muscle fibre is depolarized by say 30 mV, the interior 

of the fibre contracts. We have observed the contractions that are produced 

when very small areas of membrane (about 2 diam.) are depolarized to about 

this extent by feeding current to a micropipette whose tip is applied to the 

surface of an isolated muscle fibre, and we have found that a contraction occurs 


Fig. 1. Two consecutive frames from a cine film (16 frames/sec) showing shortening of a single 
I band opposite the tip of a micropipette (diam. 4), Right, before, and left, during, a pulse 
making the interior of the pipette negative. Polarized light, compensated so that the A bands 
appear dark; only the edge of the fibre is in the photographs. 


only if the micropipette is opposite an J band. Fig. 1 shows the type of con- 
traction that is produced. In this case the tip diameter was 4; with a 2 tip 
the contraction extended less far into the fibre but was otherwise much thesame. 
A cine film will be shown in which a 2 micropipette is seen being slid along 
a muscle fibre and producing contractions only when it is opposite an J band. 

The only myofibrillar structures that are known to extend across the muscle 
fibre and to be attached to the sarcolemma are the Z membranes (possibly also 
the M lines). Since the Z membrane is in the centre of the J band, our observa- 
tion makes it very probable that the influence of membrane depolarization is 
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conveyed to the contractile myofibrils by the Z membranes. This is a possibility 
which has long appeared attractive (e.g. Tiegs, 1924); it may throw some light 
on the great rapidity with which the interior of a fibre is situs — a 


twitch (Hill, 1949). 
REFERENCES 


Hill, A. V. (1949). Proc. Roy. Soc. B, 136, 399. 
Tiegs, O. W. (1924). Aust. J. exp. Biol, med. Sci. 1, 11. 


Axosomatic synapses in the superior cervical ganglion. By G. Causry 
and H. Horrman. Department of Anatomy, Royal College of Surgeons of 
England 

The structure of the axosomatic synapse in the superior cervical ganglion of the 

rabbit has been studied by electron microscopic methods, in normal material 

and after section of the preganglionic nerve fibres. 

In the published descriptions of electron microscopic examinations of synap- 
ses little mention has been made of the participation of the adventitious cells, 
except in Robertson’s (1954, 1955) careful studies of the crayfish median to 


motor synapse. In our material it is apparent that the topographical posi- 


tioning of the nerve fibres that has already been demonstrated for nerve fibres 
and Schwann cells is retained in the relation of the nerve fibres and satellite cells 
in this ganglion. 

Groups of small fibres (0-2-2) occur within the satellite cells. Some of these 
small fibres contain aggregations of mitochondria and small vesicles, but this 


does not necessarily coincide with close proximity to the neuronal membrane. 


At the points of closest proximity the nerve fibre is separated from the neuronal 
membrane by only a narrow band of less dense material that is continuous with 
the satellite protoplasm. | 

Where the fibres are in less close proximity to the neuronal surface three 
particular types of structure occur. 

(1) Multiple double membranes between the fibre and the neurone. 

(2) Whorls of double lamellae. 

(3) Mesaxons between the neuronal-satellite cell interface and the fibre or 
whorl. 

After section of the preganglionic fibres the mitochondria and cytoplasm of 
the nerve become disorganized. The number of these disorganized fibres in the 
satellite cytoplasm is markedly diminished by the 16th day after section, but 
there is some evidence that the mesaxon and its continuity around the axon 
persist during the disappearance of the axonal cytoplasm. 


REFERENCES 
Robertson, J. D. (1954). Fed. Proc. 18, 119. 
Robertson, J. D. (1955). Hap. Cell Res, 8, 226. 
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- Circulation and respiration in the tortoise. By JoanC. Morr. Nuffield 


Institute for Medical Research, University of Ouford 


The tortoise, like other non-crocodilian reptiles, has a ventricular septal defect, 
and it has not been clear whether the pulmonary venous blood is segregated 
from the systemic venous blood during their passage through the heart (Fig. 1). 


Analysis of blood samples, withdrawn simultaneously from any two of five 


situations, indicated that the 0, content of the blood in decerebrate animals 


varied as follows: left atrium > right aorta>left aorta> pulmonary trunk> 
right atrium. These observations are consistent with conclusions drawn by 
Foxon (1955) from a radiographic study of the circulation in a lizard. On the 
other hand, in some tortoises anaesthetized with sodium pentobarbitone, the 
results implied rather complete mixing of pulmonary venous and systemic 


venous bloods. 


Hindquarters 


Lungs Guts Forequarters 


incompletely divided 
ventricle 
Right _ | Left 
Venae cavae Pulmonary 


veins 


Fig. 1. Simplified diagram of the circulation in the tortoise. 


The O, saturation in the carotid blood of eight decerebrated tortoises which 
were breathing spontaneously exceeded 90% in ten of twenty samples. The 
mean Q, capacity of the blood was 9-3 ml. 0,/100 ml. blood. 

As Lumsden (1924) described, the pause in the respiratory cycle is inspira- 
tory. The breathing of decerebrate tortoises consisted of a series of forced 
expirations. Resting coelomic pressure was approximately atmospheric and 
increased concurrently with a slight withdrawal of the head and limbs; this 
pushed air out of the lungs. Coelomic pressure then fell, usually below atmo- 
spheric, and the lungs re-expanded. The overall change of coelomic pressure 
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varied from 1 to 18 cm H,O but was generally 4-5 cm H,0. Tidal air in two 
animals (961 and 1298 g wt.) was about 20 ml. Respiratory rate varied from 
3 to 18 cycles/min. : 

_ The blood pressure reflected changes in coelomic pressure due to respiratory 
and other movements. When lung volume decreased (e.g. by withdrawal of the 
head and legs within the shell) blood pressure and pulse pressure fell. Perfu- 
sion experiments suggested that this may have been due to a fall in pulmonary 


vascular resistance. 
REFERENCES 


- Foxon, G. E. H. (1955). Biol. Rev. 30, 196-228. 
Lumsden, T. (1924). J. Physiol. 58, 259-266. 


The metabolic acidosis and respiratory centre activity in diffusion 
respiration. By N. Jorts and M. Department of 
Physiology, Middlesex Hospital Medical School, London, W. 1 

Diffusion respiration was carried out in dogs and cats under thiopentone anaes- 

- thesia, using in principle the method of Draper, Whitehead & Spencer (1947). 

The animal breathed pure oxygen for 45 min to remove almost completely the 

- nitrogen from its lungs, and then respiratory movements were abolished either 

by deepening the thiopentone anaesthesia or by intravenous injection of the 

neuromuscular blocking agent succinyleholine. The animal’s airway was con- 
nected with an oxygen reservoir. There was continued removal of oxygen by 
the pulmonary circulation and accumulation of CO, throughout the body. In 
animals kept under these conditions for periods up to 45 min the blood CO, 
rose from an initial level of about 40 vol. ° to as much as 85 vol. %, and the 

pH fell from about 7-35 to as low as 6-7. 

This acidosis was investigated further as follows. Blood samples were with- 
drawn into syringes containing heparin and sodium fluoride (to a final con- 
centration of 0-1%) before, during and after the period of diffusion respiration. 
Portions of each sample were equilibrated at 37° C with various CO, tensions, 
and plots of log pCO,/log CO, vol. % and log pCO,/pH were drawn (Brewin, 
Nashat & Neil, 1955). The results showed that in addition to the expected 
respiratory acidosis there was also a metabolic acidosis which progressively 
increased during the diffusion respiration (which at maximum, after 30—45 min, 
was equivalent to a fall in CO, combining power of 8-12 vol. %%) and then 
regressed considerably during the recovery period of 2-3 hr. When changes in 
blood lactic acid occurred, they did not account at most for more than half the 
observed metabolic acidosis. | 

In animals under diffusion respiration in which breathing had been arrested 
with succinylcholine, as confirmed by electromyography of the diaphragm, 
rhythmic variations in blood pressure and heart-rate occurred resembling 
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- those seen during natural breathing. Since such variations were absent when 


breathing was arrested by thiopentone, which paralyses the 


we examined the action potential discharges in inspiratory fibres of the recur- 
rent laryngeal and cervical sympathetic nerves to sample the activity of the 
respiratory (Green & Neil, 1955) and vasomotor centres respectively. During 


- guccinylcholine-produced diffusion respiration there was a continuation of the 


rhythmic activity of the recurrent laryngeal, each burst being accompanied 
by a synchronous increase in the cervical sympathetic discharge. We suggest 
that the latter may reasonably be attributed to an irradiation from the 
respiratory to the vasomotor centre. As diffusion respiration continued, the 


_ recurrent laryngeal discharge diminished, probably owing to the medullary 


depressant action of the mounting CO, tension, and coincidentally the syn- 
chronous rhythmic variations in the cervical sympathetic discharge and in the 


arterial blood pressure disappeared. 


Effects of temperature on the rate of transmission in different 


REFERENCES 


Brewin, E. G., Nashat, F. 8. & Neil, E. (1955). J. Physiol. 127, 19 P. 
Draper, W., Whitehead, R. & Spencer, J. (1947). Anaesthesiology, 8, 524. 
Green, J. H. & Neil, E. (1955). J. Physiol, 129, 134. 


_ parts of the dog’s heart. By G. R. Granam 


The effect of temperature on the pH of solutions of oxyhaemo- 

‘globin equilibrated with CO,/air mixtures. By F. 8. Nasxar, 

E. M. Samurxorr. Department of Physiology, Middlesex Hospital 
Medical School, London, W.1 


If blood be equilibrated at 37° C with various CO, tensions and the correspon- 


ding pH values determined, a linear relationship is found when log pCO, is 
plotted against pH. The line obtained at 37° C is identical with that derived 
from the results of equilibrations at 26° C. Separated plasma submitted to the 
same procedure yields a log pCO,/pH graph which is linear, but the line 
obtained at 26° C lies to the ‘acid’ side of that yielded by equilibrations at 
37° O (Brewin, Nashat & Neil, 1955). It follows that the log pCO,/pH line of a 


haemoglobin solution obtained from the results of equilibrations at 26° C 


should lie to the ‘alkaline’ side of that found at 37° C. This conclusion has been 
tested in the present experiments. 

Oxyhaemoglobin crystals were prepared from horse blood. The crystals were 
dissolved by the addition of known amounts of sodium hydroxide solution so 


©; 
> 
* 
At 


54 P PROCEEDINGS OF THE PHYSIOLOGICAL 


as to give a final solution in which the sodium concentration was 20-32 m- 
equiv/l. and the oxyhaemoglobin concentration was 6-9 mm. Preparations 
were made from nine samples of blood. Total pigment, methaemoglobin, total 
nitrogen, non-protein nitrogen, iron content and oxygen capacity were deter- 
mined. The concentration of inactive haemoglobin was calculated and allow- 
ance made for its contribution to the base-binding power of the solution. Na,K, 
Cl and PO, concentrations were measured. The total cationic concentration 
available for electrical neutralization of HbO,’ and HCO,’ was calculated. 

The solutions were equilibrated with various OO,/air mixtures and CO, 
content, pH and pCO, were determined. From the results of equilibrations at 
37° C and 26° C graphs were drawn of log pCO,/pH and log CO, content/log 
pCO,. The log pCO,/pH graph of results at 26° C lay to the ‘alkaline’ side of 
that of results at 37°C. At 37° C it was found that: [HbO,’]=2-85[Hb0,] 
(pH-6-64). At 26°C: [HbO,’]=2-73 [HbO,] (pH-6-80). All concentrations 
are expressed in m.equiv/l. 

It follows from these equations that the buffer value of oxyhaemoglobin (/,) 
is only slightly lower at 26° C than at 37° C. | 


REFERENCE 
Brewin, E. G., Nashat, F, 8. & Neil, E. (1955). J. Physiol. 127, 19 P. 


Contribution of anaesthetics to the change in breathing and heart 
rates due to vagotomy in the rat. By E. J. Hamiey. Department 
of Physiology, University of Birmingham 

A series of double vagotomy experiments in male albino rats showed that the 

type of anaesthetic used seriously affected the ventilation rate and electro- 

cardiogram. Comparative experiments with gaseous and intra-peritoneal 
anaesthetics showed that the ‘normal’ e.c.g. patterns varied and that after 


Anaesthetics and effects on respiration rate and e.c.g. 


Pre-vagotomy ~ 20 min post vagotomy 
Time 
since 
on interval interval of interval rate %, of 1) 
Anaesthetic (min) min (msec) (msec) R-R (msec) R min normal ek 
Chloroform 30 65 160 56 35 21 14 56 94 35 
I 20 78 155 51 33 25 16 88 32 
40 105 162 65 42 25 15 81 93 42 
Chloralose + 40 72 160 56 36 25 16 48 89 36 
50 mg+ 
Dial 0-8 ml./kg 30 55 178 47 26 20 11 45 83 30 
Nembutal 54 mg/kg 40 40 54 31 28 16 31 94 28 
1 g/ 45 101 140, 33 23 16 88 34 
No anaesthetic 80-95 160-180 
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_ section of the vagi the new patterns were dissimilar. The periodicity and — 
_ main component wave intervals were measured on an oscilloscope and are 


summarized in the table. The e.c.g. leads were classical lead II (right arm, left 
leg) and an arbitrary lead from chin to xiphoid, the tail was used as ‘earth’ and 
the electrodes were saline-impregnated cotton stitches in the skin of the area 
concerned. The results represent ‘steady’ readingsbefore and twenty minutes 


after vagotomy and indicate that light to medium ether anaesthesia and 


urethane permit the rapid increased heart rate, unchanged e.c.g. pattern and 
decreased breathing rate commonly associated with vagotomy. When urethane 
is combined with barbiturates (as in liquid Dial) or with chloralose the breath- 
ing rate was less slow after vagotomy and some distortion of the e.c.g. pattern 
occurred. Nembutal and chloroform prevented any such great changes. Trilene 
gave a most abnormal P-R interval which was little altered by vagotomy. 
Comparison of the anaesthetized with the unanaesthetized ‘ quiet rat’ indicates 
that heart rates tend to be similar under ether anaesthesia but that Dial, 
Nembutal and chloroform sic w and Trilene and urethane ou bes accelerate the 
breathing rate in the rat. 


The movement of radioactive potassium between smooth muscle 
and the surrounding fluid. By G. V. R. Born and Epiru Busrine. 
Department of Pharmacology, University of Oxford 

Isolated intestinal smooth muscle preparations (taenia coli of the sialiadis nie) 

were suspended at 37° C in Krebs solution made up with “K,. During a period 

of 4 hr the tissue became increasingly radioactive, but the rate of uptake of the 
radioactive ion decreased with time, half the final radioactivity being reached 
in about 55 min. 

The rate of loss of 4K. from taeniae previously soaked in radioactive solution 
was studied by inserting the muscle in a.small flow chamber and washing it with 
a continuous stream of inactive solution. It was found that the rate of loss 
declined exponentially with a half-time of about 75 min. 

When isometric records were taken of the spontaneous pendular rhythm of 
taeniae previously loaded with “K, it was found that the rate of loss of “K, 


measured by its appearance in the washing solution, increased when the tension 


rose and decreased when the tension declined. 

The rate of loss of ““K was greater the more the muscle was stretched and its 
tension increased. 

When the tension rose in response to a dose of histamine or acetylcholine the 
rate of loss of 47K increased and returned with the returning tension to the 
initial level. 

During relaxation in response to a dose of adrenaline no change in the rate 
of loss of “*K was detectable. 
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Pre-vagotomy 20 min post vagotomy 
R-R P-R R-T as Respn. interval P-R as RT 
interval interval interv par % of of ool 
Anaesthetic (min) min (msec) (msec) (msec) normal 
Chloroform 30 65 160 56 21 35 14 
Ether 20 78 155 51 33 25 6 34 88 32 16 
Trilene 40 105 162 65 42 25 15 81 93 42 16 
Chloralose + 40 72 160 56 36 25 16 48 89 36 19 
urethane 50 mg + 
Dial 0-8 ml./kg 30 55 178 47 26 20 ll 45 83 30 14 
18 
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as to give a final solution in which the sodium concentration was 20-32 m- 
equiv/l. and the oxyhaemoglobin concentration was 6-9 mm. Preparations 
were made from nine samples of blood. Total pigment, methaemoglobin, total 
nitrogen, non-protein nitrogen, iron content and oxygen capacity were deter- 
mined. The concentration of inactive haemoglobin was calculated and allow- 
ance made for its contribution to the base-binding power of the solution. Na,K, 
Cl and PO, concentrations were measured. The total cationic concentration 
available for electrical neutralization of HbO,’ and HCO,’ was calculated. 
The solutions were equilibrated with various CO,/air mixtures and CO, 
content, pH and pCO, were determined. From the results of equilibrations at 
37° C and 26° C graphs were drawn of log pCO,/pH and log CO, content/log 
pCO,. The log pCO,/pH graph of results at 26° C lay to the ‘alkaline’ side of 
that of results at 37°C. At 37° C it was found that: [HbO,’]=2-85[Hb0,] 


(pH-6-64). At 26°C: [HbO,’]=2-73 [HbO,] (pH-6-80). All concentrations 


are expressed in m.equiv/I. 
It follows from these equations that the buffer value of yeh bone ny (Bo) 
is only oy lower at 26° C than at 37°C, 


REFERENCE 
Brewin, E. G., Nashat, F. 8. & Neil, E. (1955). J. Physiol. 127, 19 P. 


Contribution of anaesthetics to the change in breathing and heart 
rates due to vagotomy in the rat. By E. J. Hamiry. Department 
of Physiology, University of Birmingham 


A series of double vagotomy experiments in male albino rats showed that the 
type of anaesthetic used seriously affected the ventilation rate and electro- 
cardiogram. Comparative experiments with gaseous and intra-peritoneal 
anaesthetics showed that the ‘normal’ e.c.g. patterns varied and that after 


Anaesthetics and effects on reapiration rate and 
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_ section of the vagi the new patterns were dissimilar, The periodicity and 


main component wave intervals were measured on an oscilloscope and are 


_ summarized in the table. The e.c.g. leads were classical lead II (right arm, left 


3 leg) and an arbitrary lead from chin to xiphoid, the tail was used as ‘earth’ and 


the electrodes were saline-impregnated cotton stitches in the skin of the area 
concerned. The results represent ‘steady’ readings before and twenty minutes 
after vagotomy and indicate that light to medium ether anaesthesia and 
urethane permit the rapid increased heart rate, unchanged e.c.g. pattern and 


‘ decreased breathing rate commonly associated with vagotomy. When urethane 


is combined with barbiturates (as in liquid Dial) or with chloralose the breath- 
ing rate was less slow after vagotomy and some distortion of the e.c.g. pattern 
occurred. Nembutal and chloroform prevented any such great changes. Trilene 
gave a most. abnormal P—R interval which was little altered by vagotomy. 
Comparison of the anaesthetized with the unanaesthetized ‘ quiet rat’ indicates 


- that heart rates tend to be similar under ether anaesthesia but that Dial, 


Nembutal and chloroform slow and Trilene and urethane slightly accelerate the 
breathing rate in the rat. 


_ The movement of radioactive potassium between smooth muscle 


and the surrounding fluid. By G. V. R. Born and Epirx Bitsrine. 
Department of Pharmacology, University of Oxford 
Isolated intestinal smooth muscle preparations (taenia coli of the guinea-pig) 


were suspended at 37° C in Krebs solution made up with “K. During a period 


of 4 hr the tissue became increasingly radioactive, but the rate of uptake of the 
radioactive ion decreased with time, half the final radioactivity being reached 
in about 55 min. 

The rate of loss of *#K from taeniae sae soaked in radioactive solution 
was studied by inserting the muscle in a small flow chamber and washing it with 
a continuous stream of inactive solution. It was found that the rate of loss 
declined exponentially with a half-time of about 75 min. 

When isometric records were taken of the spontaneous pendular rhythm of 
taeniae previously loaded with “K, it. was found that the rate of loss of “K, 
measured by its appearance in the washing solution, increased when the tension 
rose and decreased when the tension declined. 

The rate of loss of ##K was greater the more he muscle was stretched and its 
tension increased. 

When the tension rose in response to a dose of histamine or acetylcholine the 
rate of loss of 42K increased and returned with the returning tension to the 
initial level. : 

During relaxation in response to a dose of adrenaline no change in the rate 
of loss of “#K was detectable. 
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The effect of adrenaline was then studied on the rate of uptake of “K. The 
taenia was exposed for short periods to radioactive solution, and the radio- 
activity of the muscle was measured after 5 min washing with inactive solution. 
It was found that adrenaline increased the rate of uptake of “*K. This in- 
creased gain could only be observed if the radioactivity of the muscle was 
measured while it remained relaxed due to continued presence of adrenaline. 
As the tension returned after the adrenaline inhibition, the rate of uptake 
declined below its initial level. Conversely, during an increase in tension pro- 
duced by histamine or by acetylcholine, the rate of uptake of “K was decreased 
and rose again above the initial level when the tension fell. : 


Effects of temperature, K ions and strophanthin on tracer sodium 
‘output from frog sartorii. By C. Epwarps and E. J. Harris — 


Haemoglobin E in Asia. By M. Axsoy, G. W. G. Brrp, H. Lenmann, 
A. E. Mourant, H. Tuer and R. L. WickremMasinaHE. State Hospital, 
Mersin, Turkey; Armed Forces Medical College, Poona, India; St Bar- 
tholomew’s Hospital, London; Blood Group Reference Laboratory, M.R.C. 
London; University of Rangoon, Burma, and Medical Research Institute, 
Colombo, Ceylon 


Haemoglobin E was discovered in a North Ameriwan child of partially Asiatic 
origin (Itano, Bergren & Sturgeon, 1954), and has been found at considerable 
frequency in the Siamese (Chernoff, Minnich & Chongcharoensook, 1954). 
Two examples were seen among nine pure or almost pure Veddas from Ceylon 
(Graff, Ikin, Lehmann, Mourant, Parkin & Wickremasinghe, 1955), and 
eighteen among 500 Indonesians (Lie-Inju Luan Eng, 1955). We have now 
found no less than seven instances among forty-five non-related adult Burmese 
temporarily staying in Great Britain. Six bloods contained mixtures of 
normal adult haemoglobin (A) and the haemoglobin E variant (heterozygous for 
A and E), one contained E with a small percentage of foetal haemoglobin 
(homozygous for E). We have found three more examples of haemoglobin E 
(all AE) in 158 additional Veddas from Ceylon. None were seen among smaller 
samples from other Ceylonese and South Indian groups. While it is probable 
that haemoglobin E will be discovered occasionally when these populations 
are more widely investigated it seems likely already that the incidence will 
resemble at the most that found in Veddas and Indonesians and that it will not 
be comparable to that seen in Siamese and Burmese. 

No haemoglobin E was found in 100 Sikh (Europoid-Mediterranean) and 
199 Nepalese (Mongoloid) Indian soldiers. On the other hand, we found one 
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_ example (AE) among 181 Eti-Turks. These are # small Arabic-speaking group 


_ in southern Turkey among whom the gene for sickle cell haemoglobin has been 


found at a high frequency (Aksoy, 1955). One example has also been seen in a 


‘Cape-Coloured’ individual in South Africa (Budtz-Olsen & Brain, personal © 


communication). Such a finding had not been unexpected in view of the 
Malayan admixture which had, under the Dutch, contributed to the formation 
of the ‘Cape-Coloured’ group (Lehmann, 1955), Otherwise Haemoglobin E has 
not been seen in what amount to some thousands of examinations of bloods 
from all over Africa and Europe. 

Most of the peoples of South East Asia among whom haemoglobin E has so 
far been found have several distinctive physical characteristics in common, 
and their ABO, MNS and Rh blood group frequencies—in so far as they have 
been studied—are also distinctive. It is possible that haemoglobin E will be 


_ found to play a similar physiological and pathological role in South Hast — 


Asia as does sickle cell haemoglobin in Africa. If this is so it will have 
implications similar to those already noted for sickle cell haemoglobin in 


e anthropology (Lehmann, 1954) and in population genetics (Neel, 1953). 
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Factors affecting the pulmonary dead space as determined by 
single breath analysis. By E. J. M. Campsett, T. Enns, H. B. 
Martin and R. H. 
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SUBJECT INDEX 


Papers published in Proceedings by title only are indicated by T 


Acceleration receptors, statocyst con- 
taining (lobster), 21 
Accessory respiratory muscles, larynx 
affected by (rat), 474 
motor-unit activity in (rat), 1P 
Acetylcholine, carotid sinus receptors in 
perfused preparation affected by (cat), 
517 
noradrenaline potentiation at end-plate of 
(frog), 568 
oesophageal muscularis mucosae response 
to (mammal), 124 
Achlorhydria, observations on (man), 18 P 
Acidosis, Diamox action on eye affected by 
(rabbit), 27P 
ACTH, eosinophil count affected by (horse), 
705 
Action potentials, cortical neurones show- 
ing (cat), 96 
motoneurone excitatory post-synaptic 
potential effect on (cat), 382 
sympathetic ganglion intracellular re- 
cording of (rabbit), 572 
Adrenal cortex, hexoestrol effect on (rat), 
601 
Adrenal medulla, adrenaline action on 
(dog), 500 
Adrenaline, end-plate potential affected by 
(frog), 566 
eosinophil count and blood sugar affected 
by (horse), 704 
oesophageal muscularis mucosae response 
to (mammal), 125 
parotid saliva flow affected by (sheep), 15P 
pressure-volume relation in femoral tree 
affected by (cat), 422 
synaptic transmission and adrenal medul- 
lary secretion affected by (dog), 497 
Afferent nerve, cold effect on conduction 
in (cat), 54 
After-potential, factors affecting moto- 
neurone (cat), 311 
Alcohol, duodenal acid effect on gastric 
acid secretion promoted by (dog), 241 
a efferents, cerebellar control of muscle 
(cat), 213 
Amino-acids, denervated sympathetic 
ganglion responses affected by (cat), 158 
small intestine metabolism in vitro of 
(rat), 278 
Anaphylaxis, inhibition of, 40 P 


Anaesthetics, sympathetic ganglia meta- 
bolism and transmission affected by 
(rat), 456 | 

vagotomy effect on breathing and heart 
rate affected by (rat), 54P 

Anions, motoneurone excitatory post- 
synaptic potential affected by (cat), 389 

motoneurone inhibitory post-synaptic 
potential affected by (cat), 352 

Anoxia, cardiac muscle response to sodium 
affected by (rat), 617 

Anticholinesterases, facilitation prolonga- 
tion by (electric eel), 24 P 

Antidromic response, motoneurone show- 
ing (cat), 300 

Aortic nerve, depressor responses from 
stimulation of fast and slow conducting 
fibres in (rabbit), 12P 

Aqueous humour, acidosis effect on rate 
of flow of (rabbit), 27P 

ascorbic acid concentration in (rabbit), 1 
Diamox and acidosis effect of ascorbic 
acid concentration in (rabbit), 27P 

Arterial oxygen saturation, foetal age and 
(sheep), 195 

Arterial pressure, Bainbridge reflex inde- 
pence from (dog), 678 — 

foetal agé and (sheep), 194 
Arterial pulse, equivalent circuit in analysis 
of, 20P 
Arterial tissue, respiration of, T, 1P 
Arterio-venous fistula, venous return 
regulation by means of (dog), 674 
Ascorbic acid, hexoestrol action on adreno- 
cortical (rat), 608 


plasma flow across ciliary processes mea- 


surement by (rabbit), 1 

ATP, breakdown at 0° C in ground muscle 
and kidney of (mammal), 432 

dinitrophenol action on skeletal muscle 

(rat), 590 

Atropine, acetylcholine stimulation of 
carotid sinus receptors affected by 
(cat), 521 

Autolysis, ground tissues at 0° C showing 
(mammal), 427 


Bainbridge reflex, factors affecting (dog), 
674 

Baroceptors, action potentials in common 
carotid, T, 32P 
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Benzaldehyde, olfactory membrane ad- 
sorption of (sheep), 547 
Bicarbonate, aqueous humour, C.S.F. and 
plasma (mammal), 48 P 
Blood pressure ‘follower’, continuous 
blood pressure recording by (man), 37 P 
Blood sugar, emotion and hormones action 
on (horse), 703 
Blood volume, thermal stress effect on 
(calf), 17P 
Bone, calcium exchange in, t, 40P 
X-ray diffraction study of structure of 
_ sections of, T, 8P 
Bradykinin, activation of ‘pre-active’ 
plasma to form (man), 33.P : 
salivary gland functional hyperaemia 
and formation of (cat), 43.P 
Brain inhibitory factor, central synaptic 
transmission affected by (cat), 446 
Bromide, motoneurone inhibitory post- 
synaptic potential affected by (cat), 331 
Bunser-Roscoe law, retinal bleaching 
in vivo and (man), 137 


“Calcium, Ca-lack effect on skeletal muscle 
loss of (frog), 23.P 

Carbonic anhydrase, eye structures con- 
taining (rabbit), 665 

Cardiac muscle, sodium effect on (rat), 615 

Cardiac output, arterio- venous fistula effect 
on (dog), 693 

Cardiac tissues, resting and action 
potentials in (mammal), 29 P 

Carotid sinus, acetylcholine and pressure 
excitation of receptors in perfused (cat), 
513 

Cations, motoneurone excitatory post- 
synaptic potential affected by (cat), 389 

Cerebellum, muscle excitation by two 
routes control by (cat), 213 

Cerebral cortex, action and resting 
potentials in (cat), 96 

Chloride, motoneurone inhibitory post- 
synaptic potential affected by (cat), 
331 


motoneurone membrane potential affected 
by injection of (cat), 295 
Choline, motoneurone affected by injection 
of (cat), 297 
Chromatography, principles of (Film), 
32P 


Ciliary body, carbonic anhydrase content 
of (rabbit), 665 

Ciliary processes, ascorbic acid in mea- 
“pics of plasma flow across (rabbit), 


Coeliac plexus, adrenaline action on 
(dog), 500 


Colliculus, action potentials from (frog), 


25P 

Cortical neurones, action and resting 
potentials in (cat), 96 

Corticosterone, hexoestral action on ad- 
renocortical output of (rat), 605 

Creatine phosphate, dinitrophenol action 
on skeletal muscle (rat), 590 

Creatine, small intestine (isolated) absorp- 
tion of (rat), 657 

Cyanosis, artificial ductus arteriosus in 
relief of (dog), 167 


Dark adaptation, photopigment in single 
rod in (Xenopus), 533 

Dead space, single breath analysis and 
factors affecting, T, 57P 

Demyelination, experimental (chicken), T 
33P 

Deoxycortone, y after ovari- 
ectomy affected by (rat), 150 

Depolarization, motoneurone inhibitory 
post-synaptic potential affected by (cat), 


motoneurone excitatory post-synaptic 
potential affected by (cat), 379 
Diamox, acidosis affecting action on eye of 
(rabbit), 27P 
Diaphragm, dinitrophenol action on (rat), 
585 
Diffusion respiration (dog), T, 34P 
metabolic acidosis and respiratory centre 
activity in (cat and dog), 52P 
Dinitrophenol, skeletal muscle affected by 


recording of (cat), 642 

Dorsal root reflexes, microelectrode 
recording of (cat), 639 

Ductus arteriosus, cyanosis due to pul- 
monary arterio-venous shunts affected 
by artificial (dog), 167 

ventilation in foetus effect on (sheep), 

206 

Duodenum, gastric acid secretion affected 
by acid in (dog), 233 


Ear lobe, posture effect on thickness of, 
(man), 75 

Efferent nerve, cold effect on conduction 
in (cat), 60 

Electroencephalogram, intraventricular 
— of tubocurarine effect on (cat), 
35 

Electroretinogram of pure-cone retina 
(souslik), 225 

End-plate potential, statistical composi- 
tion of (frog), 114 
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End-plate potential, sympathetic stimu- 


lation effect on (frog), 564 
Eosinophil count, emotion and hormones 
action on (horse), 703 


Eserine, carotid sinus receptors sensitivity — 


affected by (cat), 526 
Excitatory post-synaptic potential, fac- 
tors affecting motoneurone (cat), 374 
motoneurone inhibitory post-synaptic 
potential interaction with (cat), 401 
Extra-systole, QRS-triggered stimulator 
for producing (mammal), 38 P 


effect on tissue fluid of 


I, central transmission 
affected by (cat), 446 

Fat, intestinal absorption of (ferret), 6P 

Foetus, arterial pressure and oxygen 
saturation affected by age of (sheep), 
194 

urine production in (sheep), 13 P 

Foot plethysmograph, rapid assembly in 

operating theatres, T, 1 P 


y efferents, cerebellar control of muscle 
(cat), 213 
Gastric secretion, denervation effect on 
duodenal acid influence on (dog), 233 
G.F.R., phosphate clearance in measure- 
ment of (man), 275 
Glucose, denervated sympathetic ganglion 
responses affected by (cat), 160 
micro-analysis by glucose oxidase of, 457 
water absorption from small intestine 
(isolated) affected by presence of (rat), 
656 
Grass, olfactory membrane ee 


of (sheep), 547 


y » principle of super- 
position in, 18P 


Haemoglobin E in Asia (man), 56P 
Hand blood flow, posture effect on (man), 
467 
Heart block, sodium lactate effect on (man), 
T, 36P 
Heart rate, Bainbridge reflex dependence 
on initial (dog), 687 
vagus stimulation after-effect on, T, 22P 
venous return increase by opening arterio- 
venous fistula effect on (dog), 674 
Heart, temperature effect on rate of trans- 
mission in different parts of (dog), T 
53P 
Heat stress, rectal, bicarotid trunk and 


Hexamethonium, acetylcholine stimula- 
tion of carotid sinus receptors affected 
by (cat), 522 
denervated sympathetic ganglion affected 
by (cat), 157 
Hexoestrol, adrenocortical secretion in- 
hibition by (rat), 601 
High-speed cinematography, reflexes 
and movements analysed by (man), 
4P 
Histamine, duodenal acid effect on 
acid secretion promoted by (dog), 242 
eosinophil count and blood sugar mered 
by (horse), 707 
ionizing radiation seat on tissue (rat), 
33P 
oesophageal mucosae response 
to (mammal), 126 
Hydroxytryptamine, method for identi- 
fication of (Mytilus edulis), 22P 
nettle sting containing, 41P 
peripheral blood vessels affected by (man), 
8P 
platelets containing (man), 711 
Hypoglossal nucleus, brain inhibitory 
factor effect on (cat), 450 
Hypothalamic lesions, sodium excretion 
after renal denervation affected by 
(rat), 9P 
Hypothermia, oesophageal, rectal and 
para-aortic temperatures during (man), 
10P 
ventricular depolarization and repolariza- 
tion caused by two different methods 
of producing (dog), 39 P 
Hypercalcaemia, cortisone effects on 
calcium and phosphorus metabolism 
in (infant), T, 6P 
Hyperpolarization, motoneurone excita- 
tory post-synaptic potential affected 
by (cat), 376 
mtoneurone inhibitory post-synaptic 
potential affected by (cat), 333, 401 


Inferior cardiac nerve, afferent fibres in 
(eat), 45P 
Inhibitory post-synaptic potential, 
factors affecting motoneurone (cat), 
326 
time course of motoneurone (cat), 397 
Insulin, duodenal acid effect on gastric 
acid secretion promoted by (dog), 245 
eosinophil count and blood sugar affected 
by (horse), 705 
Interneurones, intracellular recording in 
spinal cord from (cat), 646 
Intestinal mucosa, amino acids meta- 
bolism in vitro in (rat and cat), 285 
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Intrapulmonary arterio-venous shunt, 
artificial ductus arteriosus and (dog), 
176 

181Jodine, metamorphosis studies by (Xeno- 
pus), 11P 

Ionizing radiation, tissue histamine af- 
fected by (rat), 33P 

Iris, carbonic anhydrase content of (rabbit), 
665 


Kidney, autolysis at 0° C of ground (rat), 
434 


inulin space in slices of (rat and guinea- 
pig), 439 

molecular concentration of slices of 
cortex of (rat and guinea-pig), 438 


Laryngeal muscles, activity in respiration 


of (rat), 475 
Larynx, respiratory displacement of (rat), 
474 


Lens, carbonic anhydrase 
(rabbit), 665 

Light, colour of very long wavelength (man), 
35 


content of 


Liver, hypothermia and venae cavae 
occlusion effect on structure of (dog), 
T, 36P 

Lung distensibility, foetal age effect on 
(sheep), 204 

Lungs, method of measuring compliance of 
isolated (man), T, 34P 

uneven ventilation at rest of normal 

(man), 21P 


Mammary gland, factors affecting con- 
tractile tissue in (mammal), 257. 
Mammary gland mitochondria, quanti- 
tative observations on (guinea-pig), T 
22P 
Mast cells, histamine distribution in skin 
and (mammal), 28 P 
histamine distribution in stomach and 
(hog), 3P 
Membrane potentials, cortical neurones 
showing (cat), 96 
inhibitory post-synaptic potential in 
motoneurone affected by (cat), 327 
injected ions effect on motoneurone (cat), 
295 
_ microelectrode measurement in spinal 
cord of (cat), 635 
motoneurone excitatory post-synaptic 
potential affected by (cat), 375 
Membrane resistance, injected ions effect 
on motoneurone (cat), 299 
rphosis, in study of (Xenopus), 
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Motoneurone, factors affecting exci 
post-synaptic potential in (cat), 374 
inhibitory suppression of reflex discharges 
from (cat), 396 
potentials recorded in spinal cord from 
(cat), 643 
Motoneurone membrane, electrical pro- 
perties of (cat), 291 ; 
ionic movements producing inhibitory 
post-synaptic potential in (cat), 326 
Muscularis mucosae, properties of oeso- 
phageal (mammal), 123 
Muzzle, sensory nerve endings in (cow), 3P 
Myoepithelial cells, contractility of (mam- 
mal), 259 


Nail fold, constancy of capillary oattern i in 
(man), T 
Nerve, depesesnd conduction velocity with 
lesions in continuity, T, 38 P 
Nerve block, length of nerve cooled 
affecting (cat), 57 
Nerve conduction, cooling effect on (cat), 
53 
Nettle sting, hydroxytryptamine identi- 
fication in, 41 P 
Neuromuscular facilitation, sympathetic 
stimulation producing (frog), T,49P | 
Neuromuscular junction, statistical com- 
position of potentials at (frog), 114 
sympathetic stimulation facilitation at 
(frog), 559 
Nictitating membrane, isolated apes 
tion of (cat), T, 6P 
Nitrate, motoneurone inhibitory post- 
synaptic potential affected. by (cat), 
331 
Noradrenaline, acetylcholine action on 
end-plate potentiation by (frog), 568 
pressure-volume relation in femoral tree 
affected by (cat), 422 : 
synaptic transmission and adrenal medul- 
lary secretion affected by (dog), 502 


Oestrous cycle, oestrous behaviour and 
(cat), T, 36P 

Olfactory membrane, adsorp- 
tion by (sheep), 543 

Olfactory organ, pigment changes in skin 
and (amphibia), T, 39P 

Oxyhaemoglobin, method of crystalliza- 
tion of, T, 39P . 

temperature effect on pH of solutions 

equilibrated with CO,/air mixtures 
(horse), 53P 


Palos menstrual cycle and 
pregnancy effect on (man), T, 36P 
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Parasympathomimetic drugs, myoepi- 
thelial cells affected by (mammal), 260 
Parathyroid extracts, renal phosphate 
activity/plasma calcium activity in 
(mouse), 86 
Parathyroid hormone, mouse urine phos- 
phate assay for (mouse), 79 
Parotid saliva, adrenaline action on flow of 
boliam and ‘transmission "affected by 
(rat), 459 
Phiorrhizin, glucose and water absorption 
from small intestine (isolated), affected 
by (rat), 660 
glucose transport inhibition in the in vitro 
intestine by (rat), 11P 
Phosphate, motoneurone inhibitory post- 
synaptic potential affected by (cat), 339 
Phosphate excretion, urine flow effect on 
(mouse), 81 
Phosphate Tm, method of estimation of 
(man), 268 
Photopic vision, theoretical interpretation 
of, 49 
Photopigment, spectral absorption in single 
rods of (Xenopus), 533 
Plain muscle, heat production in (Mytilus), 
26P 
“K movement between surrounding fluid 
and (guinea-pig), 55 P 
Platelets, hydroxytryptamine in (man), 
711 
Pneumotachograph, respiratory air flow 
and intercostal muscle activity correla- 
tion using a new, 33 P 
Popliteal lymph node, filtration efficiency 
of (rabbit), T, 40P 
Position receptors, statocyst containing 
(lobster), 15 
Posterior pituitary hormones, myoepi- 
thelial cells affected by (mammal), 261 
Post-tetanic potentiation, skeletal muscle 
active state and (frog), 490 
Posture, face tissue fluid affected by (man), 
72 
hand blood flour affected by (man), 467 
reflexes in 1.an affected by (Film), 31 P 
Potassium, cardiac muscle stimulation by 
(rat), 622 
motoneurone membrane potential affected 
by injection of (cat), 296 
purgatives depletion of, T, 36P 
“2Potassium, plain muscle and surrounding 
fluid movement of (guinea-pig), 55P 
Preganglionic volleys, sympathetic gang- 
lion intracellular recording of response 
to (rabbit), 577 


Pregnancy, foetal loss after ovariectomy 

during (rat), 253 
steroids effect after ovariectomy on (rat), 

148 

Premature lambs, viability of, 191- 

Pressure-volume changes in femoral 
tree, vascular tonus effect on (cat), 
414 

Pulmonary arterio-venous shunts, arti- 
ficial ductus arteriosus and (dog), 167 

Pulmonary blood flow, ventilation in 
foetus effect on (sheep), 198 

Pyloric hormone, release of (dog), 14P 

Pyridine, olfactory membrane reversible 


adsorption of (sheep), 551 


Receptor discharges, microelectrode re- 
cording in spinal cord of_(cat), 640 

Red light, colour of (man), 35 : 

Reflex, high-speed cinematography analysis 
of (man), 4P 

Reproduction, cat as laboratory animal 
for study of, 47P 

Respiration, laryngeal muscles activity in 
(rat), 475 

thermal stress effect on (calf), 16P 

Respirator, Beaver-Byford (man), 37 P 

Resting potentials, cortical neurones 

showing (cat), 102 

Retina, rhodopsin distribution in living 
(man), 141 

spectral sensitivity of pure-cone (souslik), 

225 

Rhodopsin, measurement in living eye of 
(man), 131 

Right atrial pressure, Bainbridge reflex 
and (dog), 692 

Right cardiac vagal afferents, cardio- 
vascular and respiratory reflex responses 
to stimulation of, T, 36P 

Rod, photopigment in 
single (Xenopus), 533 


Salivary gland, functional hyperaemia and 
bradykinin formation in (cat), 43.P 

Sarcomere, activation of single, 49 P 

Scotopic luminosity curve, theoretical 
interpretation of, 45 

Scotopic pigment, measurement in living 
eye of (man), 131 

Sensory fibres, microelectrode measure- 
ment in spinal cord of potentials in 
(cat), 636 

Sensory receptors, statocyst containing 
(lobster), 9 

Serum, hydroxytryptamine in (man), 713 

Sinus arrhythmia, Bainbridge reflex 
dependence on (dog), 687 
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Skeletal muscle, autolysis at 0°C of 
ground (rabbit and guinea-pig), 430 
blood flow, arterio-venous oxygen dif- 
ference and oxygen uptake relation- 
ship in (man), 42P 
Ca-lack effect on rate of loss of **Ca from 
(frog), 
cerebellar control of « and y efferents to 
(cat), 213 
dinitrophenol effect on (rat), 585 
previous stimulation effect on active state 
sympathetic stimulation effect on fatigue 
of (frog), 562 
temperature, K ions and strophanthin 
effect on tracer sodium output from 
(frog), T, 56P 
training of (man), 109 
Skin, mast cells and histamine distribu- 
- tion in (mammal), 28P 
Small intestine, absorption of water and 
small molecules from isolated (rat), 655 
amino acids metabolism in vitro in (rat), 
278 
Sodium, cardiac muscle affected * (rat), 
615 
motoneurone inhibitory post-synaptic 
potential affected by (cat), 346 
motoneurone membrane potential affected 
_ by injection of (cat), 297 
Sodium excretion, hypothalamic lesions 
and renal denervation effect on (rat), 
9P 
Sorbitol, small intestine (isolated) absorp- 
tion of (rat), 657 
Spectral sensitivity curves, theoretical 
interpretation at long wavelengths of, 
Spike potential, factors affecting moto- 
neurone (cat), 300 
microelectrode measurement in spinal 
cord of (cat), 635 
sympathetic ganglion intracellular record- 
ing of (rabbit), 575 
Spinal cord, action potentials from nerve 
fibres in (cat), 317 
inhibitory action in (cat), 396 
microelectrode recording of potentials in 
(cat), 625 
Spinal reflex, brain inhibitory factor effect 
on (cat) 448 
inhibitory suppression of motonenrones 
in (cat), 396 
Staircase effect, skeletal muscle active 
state and (frog), 490 
Statocyst, receptors in (lobster), 9 
new (man), T 
40 
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Sternothyroid-muscle, motor-unit acti- 
vity in (rat), 1P 

Steroids, pregnancy after ovariectomy 
affected by (rat), 148 

Stomach, mast cells and histamine in (hog), 
3P 

Strychnine convulsions, brain inhibitory 
factor effect on (mouse), 451 

Strychnine potentials, intracellular re- 
cording in spinal cord of (cat), 648 

Sulphate, motoneurone inhibitory post- 
synaptic potential affected by (cat), 
339 


Superior cervical ganglion, axomatic 
synapses in (rabbit), 50.P 

Sympathectomy, posture effect on hand 
blood flow influenced by (man), 468 

Sympathetic — adrenaline action 
on (dog), 500 


anaesthetics effect on metabolism of and 


transmission in (rat), 456 
intracellular potentials recorded from 
(rabbit), 572 
metabolism of normal and denervated 
(cat), 156 
Sympathetic stimulation, neuromuscular 
_ facilitation by (frog), 559 
Synaptic potential, sympathetic ganglion 
intracellular recording of (rabbit), 577 


‘Teepol’, ileum activity affected by (guinea- 
pig), T, 8P 
Temperature, carotid sinus receptors for 
pressure affected by (cat), 516 
kidney cortex slices —a affected 
by (rat and guines- pig), 440 
Tetra » motoneurone af- 
fected by injection of (cat), 297 
motoneurone inhibitory post-synaptic 
potential affected by (cat), 349 
Tetralogy of Fallot, artificial ductus 
arteriosus in (man), 186 
Thiocyanate, motoneurone inhibitory post- 
synaptic potential affected by (cat), 
331 
Tissue fluid, posture effect on face (man), 
72 
Tooth, ribonucleic acid and alkaline phos- 
phatase in developing (rat), 7P 
Tortoise, circulation and respiration, 51 P 
Transistors, use as d.c. amplifiers of, T, 
iP 
Tuboeurarine, acetylcholine stimulation 
of carotid sinus receptors affected by 
(cat), 524 
) halographic patterns follow- 
pry ‘intraventricular injection of (cat), 
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Turbinate, deodorizing action of epi- 
thelium of posterior (sheep), 548 


Urea, small intestine (isolated) absorption 
of (rat), 657 

Urecholine, duodenal acid effect on gastric 
acid secretion promoted by (dog), 246 


Urine phosphate, parathyroid hormone 


assay by (mouse), 79 
Uterus, foetal loss after spaying and 
pressure in (rat), 253 


Vagus nerve, cold effect on conduction in 
fibres of (cat), 64 


ee 


Vagus nerve, duodenal acid effect on gastric 
secretion of acid affected by (dog), 233 

Vascular tonus, pressure-volume c 
in the femoral tree in relation to (cat), 
414 

Venous pressure, Bainbridge reflex and 
(dog), 692 

Vibration receptors, statocyst containing 
(lobster), 24 


Water, small intestine (isolated) absorption 
of (rat), 655 

Wavelength, colour of light of very long 
(man), 35 | 
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